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ABSTRACT 

This  i s  the  f i n a l  r epor t  of work on Contract  NAS7-480, covering 

t h e  per iod J u l y  1, 1966 t o  June 30, 1967, t o  study the  r e l a t i o n  between 

s o l i d  p rope l l an t  mechanical p rope r t i e s  and explosion e f f e c t s .  For a 

s e l e c t e d  geometry an imposed shock decays exponent ia l ly .  Only a very 

small f r a c t i o n  of t h e  p rope l l an t  l o s t  i n  t he  model b l a s t  c o n t r i b u t e s  

t o  t h e  blast  wave, and f l a s h  radiographs show an anomalous s t r u c t u r e  of 

t h e  p re s su re  wave t r a v e l i n g  through t h e  p rope l l an t .  Seve ra l  p o i n t s  on t h e  

Hugoniot of t he  selected p rope l l an t  have been obta ined ,  but  t h e s e  do not  

account f o r  t h i s  anomaly. 
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INTRODUCTION 

Rocket systems which have been planned may incorpora te  mi l l i ons  of 

pounds of s o l i d  p rope l l an t .  Furthermore, thermochemically, s o l i d  pro- 

p e l l a n t s  a r e  p r a c t i c a l l y  ind is t inguishable  from explos ives  i n  t h a t  they 

have comparable h e a t s  of r e a c t i o n .  Consequently, it is  q u i t e  proper  

t h a t  t h e  explos ive  p r o p e r t i e s  of l a rge  s o l i d  p rope l l an t  motors be 

c a r e f u l l y  examined. 

For tuna te ly ,  the  hazard s i t u a t i o n  is not  so bleak as some imagined. 

It has been es tab l i shed '  beyond reasonable doubt t h a t  convent ional  s o l i d  

motors* do not  de tona te  i n  diameters less than 20 inches ,  and t h e r e  i s  

evidence t h a t  t h e  t r u e  f a i l u r e  diameter f o r  de tona t ion  is l a r g e r ,  perhaps 

considerably so. Even above the  f a i l u r e  diameter ,  exceedingly s t rong  

shocks may be required t o  i n i t i a t e  s t a b l e  de tona t ion .  I n  convent ional  

j a rgon ,  t h e  p rope l l an t s  are i n s e n s i t i v e ;  i n  f a c t  it is  d i f f i c u l t  t o  envis ion  

r e a l i s t i c  condi t ions  which would lead t o  de tona t ion .  On t h e  o t h e r  hand, 

s o l i d  p rope l l an t  motors have been known t o  explode, causing cons iderable  

damage--though much l e s s  than would accompany complete de tona t ion .  

The e f f e c t s  of s t a b l e  detonat ion a r e  p red ic t ab le  w i t h  accuracy 

s u f f i c i e n t  f o r  s a f e t y  engineer ing.2 However, t h e  f a r  more l i k e l y  

nondetonat ive explosions consume as y e t  unpredic tab le  amounts of pro- 

p e l l a n t ,  and t h u s ,  t h e  accompanying b l a s t  e f f e c t s  a r e  a l s o  not p r e d i c t a b l e .  

* 
I n  t h i s  con tex t ,  t hese  incorpora te  p rope l l an t s  c o n s i s t i n g  mainly of 

ammonium pe rch lo ra t e  and aluminum i n  a rubbery binder  ; no explos ives  

are included among t h e  ing red ien t s .  These a r e  t h e  only type pro- 

p e l l a n t  considered i n  t h i s  r e p o r t .  

1 



The explosion of a nondetonable but normally burning p rope l l an t  pur- 

por ted ly  r e s u l t s  from a sequence of events  t h a t  proceeds approximately a s  

f 0 l l o w s  : 

(a) The p rope l l an t  i s  subjected t o  a s t rong  shock wave and is s h a t t e r e d .  

(b) Combustion spreads over the newly formed su r faces .  

(c) Because of the very la rge  t o t a l  su r f ace  a rea  t h e  r a t e  of con- 

sumption and, hence, of energy r e l e a s e  is excess ive .  Therefore ,  

t h e  pressure  increases  rapidly wi th in  t h e  combustion zone, causing 

the  burning r a t e  t o  increase .  

(d)  F i n a l l y ,  t h e  t o t a l  r a t e  of energy r e l e a s e  and the  pressure become 

so g r e a t  t h a t  a b l a s t  ensues.  

To test t h e  v a l i d i t y  of t h i s  approach, it i s  necessary t o  study the  

e f f e c t s  of shock waves on propel lan ts  and t o  search  f o r  a c o r r e l a t i o n  

between t h e s e  e f f e c t s  and t h e  associated b l a s t  waves. It  has  been the  

aim of our  research  t o  perform t h i s  t es t .  Before d i scuss ing  the  manner 

i n  which t h i s  w a s  done, w e  review pe r t inen t  a r e a s  b r i e f l y ,  i n  t h e  next 

s e c t i o n .  These include:  response of s o l i d  p rope l l an t s  t o  s t r o n g  shocks;  

a t t e n u a t i o n  of shock waves i n  s o l i d s ;  equat ion of  s t a t e  and p l a s t i c - e l a s t i c  

t r a n s i t i o n s  of model s o l i d s  ; and b l a s t  con t r ibu t ion  of explosive chemical 

r e a c t  ions  e 

In subsequent s e c t i o n s  we present a more d e t a i l e d  model and an o u t l i n e  

of t h e  s t u d i e s  performed t o  eva lua te  t h e  hypothes is ,  t h e  r e s u l t s  of t hese  

s t u d i e s ,  a d i scuss ion  of t h e  r e s u l t s  and t h e i r  s i g n i f i c a n c e ,  and l a s t l y ,  

sugges t ions  f o r  a d d i t i o n a l  research .  

2 



I1 GENERAL DISCUSSION 

A .  Response of So l id  P rope l l an t s  t o  Strong Shocks 

Conventional unidimensional detonat ion theory sugges ts  t h a t  any 

s o l i d  which decomposes exothermally can s u s t a i n  a s u i t a b l y  i n i t i a t e d  

s t a b l e  de tona t ion .  In the  real t r id imens iona l  world a rev ised  theory 

p r e d i c t s ,  and experience confirms, the ex i s t ence  of a f a i l u r e  diameter ,  

i .e., a d i a m e t e r  below which s t a b l e  detonat ion i s  impossible e3 With 

c e r t a i n  types  of ene rge t i c  p rope l l an t s ,  e .g . , those  conta in ing  n i t r o -  

g l y c e r i n e ,  convent ional  explos ives ,  e t c . ,  t h i s  f a i l u r e  diameter i s  smal l ,  

perhaps of t he  order  of f r a c t i o n s  of a cent imeter .  For tuna te ly ,  f o r  those  

p r o p e l l a n t s  which we choose t o  c a l l  "conventional" (ammonium perchlora te -  

rubbery b i n d e r m e t a l  powder) and f o r  a sample w i t h  a func t iona l  i n t e g r i t y ,  

t h i s  f a i l u r e  diameter is very l a r g e ,  and s t r o n g  shocks would probably 

be requi red  t o  i n i t i a t e  de tona t ion  i n  even these  s i z e s .  However, should 

the  p rope l l an t  g ra in  be fragmented, burning may spread over t h e  l a r g e  

exposed su r face  a rea  and become explosively r a p i d .  Though t h e  d i r ec t ed  

burning r a t e  may be below detonat ion v e l o c i t y ,  t h e  n e t  mass consumption 

r a t e  may be comparable t o  t h a t  of de tona t ion .  There is  ample evidence 

t o  support  t h e  hypothesis  t h a t  s o l i d  p rope l l an t  explosions can r e s u l t  

when a normally burning g ra in  is subjected t o  a s t r o n g  shock. This 

shock, which may o r i g i n a t e  i n t e r n a l l y  or e x t e r n a l l y ,  shatters a po r t ion  

of t h e  p rope l l an t ,  thus  exposing la rge  a r e a s  t o  burning and u l t ima te  

explosion .l 
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B. At tenuat ion  of Shock Waves i n  Sol ids  

A shock wave is  charac te r ized  a s  a region of abrupt ly  r i s i n g  

pressure  t r a v e l i n g  a t  a ve loc i ty  which i s  supersonic  w i t h  respect t o  

t h e  unshocked medium. To an observer moving w i t h  t h e  wave the  medium 

appears  t o  be moving i n t o  t h e  wave. The pressure p r o f i l e  i s  a s  i l l u s -  

t r a t e d  i n  F ig .  1. 

P I  

t 

t 

h 

t 

REACTING 
MEDIUM 

x 
FIG. 1 SHOCK WAVE PRESSURE PROFILE 

If  t h e  energy i s  suppl ied t o  the  wave a t  a constant  r a t e ,  t h e  peak 

pressure remains cons tan t .  Detonations represent  sys t ems  i n  which the  

r e q u i s i t e  energy i s  suppl ied by rapid chemical r eac t  ion and the  de tona t ion  

pressure  i s  def ined by the  stoichiometry and thermodynamics of t h e  r eac t ion  

and i t s  products .  I n  t h e  absence of chemical r e a c t i o n  ( o r ,  f o r  r e a l  s y s t e m s ,  

i f  t h e  r eac t ion  i s  t o o  slow) the  peak pressure  decreases  with time--often 

exponentially--and i n  a very s h o r t  t i m e  and d i s t ance  decays t o  a sonic  

wave. This  process apparent ly  occurs i n  propel lan ts  which e i t h e r  a r e  below 

f a i l u r e  diameter o r  a r e  subjected t o  shocks weaker than  those requi red  

t o  i n i t i a t e  a s t a b l e  de tona t ion .  Under these  circumstances a f i n i t e  

region of t he  shocked propel lan t  sample w i l l  have been subjected t o  a 

monotonically decreasing pressure wave. With real  samples of a s p e c i f i c  

4 



prope l l an t  a r e l a t i v e l y  f e w  experiments w i l l  provide the  necessary da t a  

t o  de f ine  t h e  peak pressure  h i s t o r y  of any plane beyond t h a t  i n i t i a l l y  

shocked. The r e s u l t s  f o r  a c y l i n d r i c a l  acceptor  can be expressed a s  

follows: 

where 

Po = inc ident  peak pressure  

x = d i s t ance  from inc ident  plane 

t = time elapsed s ince  imposit ion of shock 

kx, kt = cons tan ts  

Px = peak pressure  a t t a i n e d  a t  x 

Pt = peak pressure  i n  wave a t  t .  

I 

C .  Eauation of S t a t e  and E l a s t i c - P l a s t i c  T rans i t i ons  

The convent ional  equat ion of s t a t e  r e l a t e s  t h e  p re s su re ,  volume, 

and temperature of a s y s t e m  a t  equi l ibr ium w i t h  i t s  environment regard- 

less of i t s  h i s t o r y .  For t h e  moment, however, we must be concerned w i t h  

t h e  Hugoniot equat ion of s t a t e ,  which desc r ibes  the  s t a t e s  a t t a i n a b l e  by 

shocking a sample from a given set of s t a r t i n g  cond i t ions ,  gene ra l ly  

ambient pressure  and temperature .  For f i n a l  p ressures  of t h e  order  of 

many t e n s  of k i l o b a r s  a t y p i c a l  Hugoniot i s  shown i n  Fig.  2 .  "he very 

low pressure  po r t ion  of t h e  Hugoniot is o f t e n  l i n e a r  as exaggerated i n  

F ig .  3. 
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FIG. 2 HUGONIOT (High Pressure) FIG. 3 HUGONIOT (Low Pressure) 

I The behavior below P i s  charac te r ized  a s  e l a s t i c ,  t h a t  above P i s  

p l a s t i c .  In  the e l a s t i c  region deformation i s  r e v e r s i b l e ,  i n  t he  p l a s t i c  

reg ion  i t  i s  no t .  Generally P i s  of t he  order  of C 10 kbar.  Experiments 

t o  determine t h e  genera l  shape of t h e  Hugoniot and the value of P for t 

a s p e c i f i c  propel lan t  have been developed i n  recent  years (see f o r  

example, Charest  e t  a1 .4) .  

t t 

t 

D.  B la s t  Contr ibut ion of Explosive Chemical Reactions 
~~ ~~ 

Pred ic t ing  the  b l a s t  e f f e c t s  of a s t a b l e  detonat ion i s  r e l a t i v e l y  

simple.' 

t h e  r e a c t a n t .  I n  f a c t ,  i t  may be tha t  t h e  scat ter  i n  t h e  reported 

r e s u l t s  i s  a t t r i b u t a b l e  t o  l imi t a t ions  of pressure measurements r a t h e r  

than  t o  l i m i t a t i o n s  of the model. I t  i s  convenient t o  express  b l a s t  

e f f e c t s  i n  r e l a t i v e  terms. Thus, we use t h e  t e r m  "TNT equiva len t"  i n  

mass u n i t s  t o  descr ibe  any explosion i n  terms of t h e  mass of TNT required 

t o  produce t h e  same e f f e c t .  I n  percentage u n i t s ,  TNT equiva len t  desc r ibes  

For moderate accuracy one needs only t h e  hea t  of explosion of 

6 



t h e  e f f i c i e n c y  of a given explosive.  Most chemical explos ives  have 

TNT equ iva len t s  i n  t h e  range of 90 t o  1100/0,5 a s  do most high energy 

de tona t ing  s o l i d  p rope l l an t s ;  and f o r  damage p r e d i c t i o n s ,  the  d i f f e r e n c e s  

are i n s i g n i f i c a n t  . 
For nondetonating exploding s y s t e m s ,  the  f r a c t i o n  consumed b y  

v i o l e n t  r e a c t i o n  is  a func t ion  of many f a c t o r s .  In  these ins t ances  TNT 

equivalence i s  meaningless except as i t  relates t o  a p a r t i c u l a r  sys t em 

subjec ted  t o  a p a r t i c u l a r  per turba t ion .  However, i t  i s  an i n t e r e s t i n g  

specu la t ion  t h a t  t h e  b l a s t  accompanying the  explos ion  of a s o l i d  propel- 

l a n t  i s  d i r e c t l y  r e l a t e d  t o  the f r a c t i o n  consumed a t  shock ve loc i ty .  

W e  can descr ibe  an experiment t o  examine t h i s  hypothesis .  Assume a 

s t r o n g  p lanar  shock wave i s  imposed upon a c y l i n d r i c a l  p ropel lan t  sample 

(Fig.  4 ) .  Measure both t h e  a t t enua t ing  ve loc i ty  of t h e  shock as it  

t r a v e l s  through the  sample and t h e  b l a s t  caused by the  accompanying 

explos ion .  Analysis  of t h e  da t a  w i l l  l o c a t e  a hypothe t ica l  plane A 

beyond which (approximately) t he  propel lant  does not con t r ibu te  t o  t h e  

b l a s t .  I t  i s  t o  t h e  c o r r e l a t i o n  of t h i s  a n a l y s i s  w i t h  physical  p rope r t i e s  

t h a t  t h e  approach of t h e  next sec t ion  i s  d i r e c t e d .  

BLAST 
MEASUREMENTS 

SHOCK 
WAVE 

VELOCITY MEASURING STATIONS 
TA-6150-34 

FIG. 4 SHOCK IMPOSING ON SAMPLE 

7 



111 SCOPE OF RESEARCH 

A .  Model: Cor re l a t ion  of B las t  Damage w i t h  P rope l l an t  P r o p e r t i e s  

The p res su re  of a shock wave passing through a p rope l l an t  (F ig .  4 )  

can be ca l cu la t ed  from t h e  shock ve loc i ty  and t h e  Hugoniot.3 

quen t ly ,  t he  pressure-d is tance  behavior of t h e  wave is known. From t h i s ,  

w e  can determine t h e  d i s t ance  the  wave must t r a v e l  for  t h e  pressure  t o  

drop  t o  P t ,  the e l a s t i c - p l a s t i c  t r a n s i t i o n  p o i n t .  This r e s u l t  is  then 

compared w i t h  t h e  ca l cu la t ed  loca t ion  of plane A t o  ob ta in  the  answers 

t o  t h e  following: 

Conse- 

( a )  Above what p re s su re ,  PB, must a prope l l an t  be shocked t o  con- 

t r i b u t e  t o  a d i s t a n t  b l a s t  wave?* 

How does t h i s  p re s su re ,  PB, r e l a t e  t o  P 7 t '  

t '  sugges ts  t h a t  PB zz P 

(b) The model 

An experimental  program w a s  designed t o  t e s t  t h e  f e a s i b i l i t y  of 

using t h i s  model f o r  broader a p p l i c a t i o n .  

B. Research Approach 

From t h e  foregoing it i s  apparent t h a t  information from d i f f e r e n t  

sources  w a s  requi red  f o r  t h e  s tudy.  For one sample p r o p e l l a n t ,  w e  must 

* 
I t  is t ens ion  not  pressure  which ruptures  t h e  p r o p e l l a n t ,  but t h e  magni- 

tude  of t h e  tens ion  is determined by t h e  s teepness  of t h e  r a r e f a c t i o n  

fol lowing t h e  shock. Presumably t h i s  s teepness  is  a l s o  def ined by t h e  

shock amplitude.  A s  p ressure  can be measured and not  r a r e f a c t i o n ,  it 

is convenient t o  r e l a t e  fragmentation t o  p re s su re .  



determine (a) t h e  Hugoniot, (b)  shock a t t e n u a t i o n  equat ions ,  (c) b l a s t  

effects accompanying p rope l l an t  shocking,* and ( d )  quan t i ty  of pro- 

p e l l a n t  destroyed by an explosion.  Of t h e s e ,  only the  Hugoniot is a 

s p e c i f i c  property of t h e  p rope l l an t  i t s e l f .  The remainder depend upon 

tes t  geometry; experiments t o  obtain t h e  needed information were a l l  

performed wi th  one conf igura t ion .  No p a r t i c u l a r  arrangement has any 

a p r i o r i  t h e o r e t i c a l  advantage.  

p e l l e t s  and because t h e r e  i s  considerable  information on the  behavior  

Because of t h e  a v a i l a b i l i t y  of t h e  donor 

of Luc i t e  and/or P l e x i g l a s  i n  t h e  same geometry, w e  chose t o  t e s t  speci- 

mens conforming t o  t h e  dimensions of t h e  NOL gap test:l 

Shock donor: two t e t r y l  p e l l e t s ,  each 2 i n .  d i am x 
1 i n .  t h i c k ,  dens i ty  w 1.51 g/cc.  

P rope l l an t  acceptor :  2 i n .  diam x 4 i n .  long.  

The unreacted Hugoniot can be obtained i n  a number of d i f f e r e n t  

ways--all adequately descr ibed elsewhere .6 E s s e n t i a l l y  each imposes 

a plane shock wave on the  sample. The p a r t i c l e  and shock v e l o c i t i e s  

of t h e  sample a r e  measured using r e f l e c t e d  l i g h t  or aquarium techniques ;' 

t h e  hydrodynamic conservat ion equat ions a r e  then used t o  c a l c u l a t e  t h e  

des i r ed  pressure-ve loc i ty  d a t a .  The procedures a r e  r e l a t i v e l y  simple 

* 
W e  d i s t i n g u i s h  between b l a s t  and shock: (a)  The shock wave propagates 

wi th in  t h e  p r o p e l l a n t ;  i t s  source is an explos ive  donor. (b) The 

blast  wave propagates through t h e  a i r ;  i t s  source is  the  donor p l u s  the  

p r o p e l l a n t .  Technical ly  both a r e  shock waves, but t h i s  usage is con- 

s i s t e n t  w i t h  p resent  ja rgon .  
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f o r  p re s su res  above 50 kbar ,  bu t  become more exac t ing  a t  lower p re s su res .  

The a c t u a l  methods used a r e  discussed i n  a la ter  s e c t i o n .  

To obta in  shock a t t e n u a t i o n  data  a s t rong  shock is  imposed on t h e  

sample i n  t h e  test geometry, and e l e c t r o n i c  techniques a r e  used t o  

measure t h e  t i m e  of a r r i v a l  of t h e  shock a t  each of s e v e r a l  planes i n  t h e  

sample.' These da t a  a r e  reduced t o  equat ions which r e l a t e  shock v e l o c i t y  

t o  p o s i t i o n  and elapsed time. 

To ob ta in  t h e  b l a s t  d a t a ,  samples, i n  t h e  s p e c i f i e d  geometry, a r e  

subjec ted  t o  the  donor shock and gauges arrayed along r a d i i  from t h e  

charge c e n t e r .  I n  our experiments,  t he  output  of s p e c i a l  p i e z o e l e c t r i c  

gauges w a s  recorded and i n t e r p r e t e d ,  d i r e c t l y ,  a s  pressure-time d a t a .  

O t h e r  gauges w e r e  used t o  record the  a r r i v a l  t ime of t h e  b l a s t  wave a t  

t h e  gauge p o s i t i o n .  The b l a s t  wave v e l o c i t i e s  were ca l cu la t ed  f r o m  t h e  

intergauge d i s t a n c e s ,  and t h e  peak pressures  were computed from t h e  

equat ion  of state f o r  a i r .  The information from t h e s e  t e s t s  is  used 

t o  compare t h e  e f f e c t  of t h e  propel lan t  w i t h  a comparable quan t i ty  of 

de tona t ing  explos ive .  The comparison is  expressed i n  terms of t h e  donor 

charge.  

After t h e  model explos ions  t h e  p rope l l an t  samples were recovered 

t o  determine t h e  amount destroyed by t h e  explosion.  To supplement t h e  

measurements, w e  a l s o  made f l a s h  radiographs dur ing  some of the  explo- 

s i o n s .  
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I V  EXPERIMENTAL AND THEORETICAL STUDIES 

A .  Prope l l an t  Se lec t ion  

I t  has  been the aim of t h i s  program t o  s tudy the  b l a s t  r e s u l t i n g  

11 from t h e  explosion of a conventional" composite p rope l l an t .  It  is  

important t h a t  t h e  s e l e c t e d  propel lan t  have notab le  batch-to-batch uni-  

fo rmi ty ,  especially with regard t o  mechanical p r o p e r t i e s ,  long-term 

ambient s t a b i l i t y  and easy machining. On t h e  b a s i s  of pas t  experience 

with many p r o p e l l a n t s ,  the  formula given i n  Table I and designated as  

PBAN-170 w a s  used i n  a l l  our  s t u d i e s  on t h i s  program. The dens i ty  of one 

ba tch  and t h e  mechanical p r o p e r t i e s  of t h r e e  specimens from t h e  batch 

are l i s t e d  i n  Table 11. The burning r a t e  curve f o r  a t y p i c a l  specimen 

i s  shown i n  F ig .  5. 

TABLE I 

FORMULA OF PBAN-170 

Ingredien t  

Ammonium Perch lo ra t e ,  
Unground 

avg. diam. l l p  

Aluminum, V.M. H-322 

Dioctyl  ad ipa te  

PBAN- te r pol yme r 

Nadic Methyl Anhydride 

Dow epoxy r e s i n  332 

I ron  oxide ,  CKW R-5098 

Ammonium pe rch lo ra t e ,  

* 

** 

We igh t Pe rcent  

44.20 

23.50 

15.00 

2.40 

10.886 

0.588 

2.926 

0.50 

* 
Valley Meta l lurg ica l  Corporation, Essex,  
C onne c t i cut  . 
C . K .  Williams & Company, Easton, Penn- 
sy lvania .  

** 
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TABLE I1 

PROPERTIES OF PBAN- 170 

( a t  ambient temperature) 

Density 0.061 l b / i r ~ . ~  

S p e c i f i c  Gravi ty  1.69 

* 
Mechanical Property:  

Maximum t e n s i l e  s t r e n g t h ,  
sm, P s i  

Specimen N o .  

3 - 2 - 1 - 

114 116 113 

Tens i l e  s t r e n g t h  a t  break 
Sb’ P s i  89.5 89.7 89.8 

Elongation a t  break 0.59 0.60 0.58 

E 1 onga t i on a t  maximum 
t e n s i l e  s t r e n g t h  0.39 0.43 0.40 

* 
Crosshead Speed, 2 in./min. 

0.6 

0.5 

0.4 
0 e 
u) 
\ 
d .- 
0.3 

0.2 

BATCH 416 - 

- 

/ 

I O 0  200 300 400 500 600 700 800 1000 
PRESSURE - psia 

TA-6150-4 

FIG. 5 PBAN-170 BURNING RATE 
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B .  At tenuat ion  of Shock i n  the  Propel lant  

1. Experimental Procedures 

The experimental  arrangement shown i n  F ig .  6 was used t o  measure 

t h e  v e l o c i t y  of t h e  dece le ra t ing  donor shock as i t  t raversed  t h e  pro- 

p e l l a n t  acceptor .  The donor cons is ted  of a p a i r  of t e t r y l  pel le ts ,  

each 2 inches i n  diameter by one inch t h i c k ,  dens i ty  (nominally) 

1.51 g/cc.  The acceptor  was of PBAN-170, 2 inches i n  diameter and of 

s p e c i f i e d  length .  

T A -  6150-6 

FIG. 6 SHOCK ATTENUATION TEST 
ARRANGEMENT 

The t r a n s i t  time of the  donor shock through t h e  propel lan t  was 

measured with a raster osc i l loscope  which was t r igge red  when t h e  de tona tor  

was i n i t i a t e d .  This  procedure produced a record of t h e  i n s t a n t  when 

t h e  shock wave passed t h e  ion  probe and when it  a r r i v e d  a t  t h e  BaTi03 

p i ezoc rys t a l  probe. Time on t h e  raster w a s  resolved accu ra t e ly  t o  

b e t t e r  than 0 . 0 5  psec. Thus each i n t e r v a l ,  which involved two readings ,  

was accura te  t o  wi th in  0.07 psec,  i . e . ,  0.07 = (0.05 + 0.05 ) . 2 2 4  

A t o t a l  of 53 sho t s  were made; the r e s u l t s  appear  i n  Table 111. 
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‘ellet  Thickness 

mm 

6.60 
6.76 
6.86 
6.88 

13.11 
13.13 
13.16 
13.18 

18.92 
19.05 

25.4 

31.75 

38.1 

43.97 
44.40 
44.60 
44.96 

50.8 

63.5 

76.2 

87.50 
89.15 
90.30 

98.68 
101.45 
102.62 

115.21 
115.42 

127.41 
127.69 

140.26 
140.84 

153.04 
153.16 

TABLE 111 

SHOCK ATTENUATION DATA 

Transit  Time 

psec 

1 - 

1.30 

2.60 

3.95 

5.40 

6.90 

8 . 4 8  

10.03 

12 0 10 

16.15 

20.85 

25.25 

29.15 

35.35 

40.80 

46.25 

52.50 

2 - 

1.35 

2.55 

3.95 

5.45 

7.00 

8.55 

10.03 

12.00 

16.05 

20.60 

24.98 

30.28 

35.60 

41.30 

47.00 

51.55 

3 - 

1.33 

2.70 

5.35 

6.90 

8.53 

10.28 

12.05 

16.05 

20.50 

25.35 

31.90 

4 - 

1.40 

2.60 

5.40 

7.00 

8.60 

10.33 

12.00 

16.23 

20.60 

25.65 
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* 
2.  Mathematical Analvsis 

T h e r e  is  no proven theory t o  describe t h e  ve loc i ty  decay of a shock 

wave i n  a f i n i t e  i n e r t  cy l inde r .  By analogy w i t h  o t h e r  a t t e n u a t i o n  

phenomena (e . g . ,  l i g h t  abso rp t ion ) ,  it i s  h e u r i s t i c a l l y  a t t r a c t i v e  t o  

p o s t u l a t e  an exponent ia l  decay l a w .  There i s  some experimental  j u s t i f i -  

c a t i o n  f o r  t h i s  and w e  pursue t h i s  approach here. 

For  t h e  geometry of the a t t enua t ion  t e s t ,  l e t  x be t h e  d i s t ance  t h a t  

t h e  shock has t r a v e l e d  i n  t i m e  t ,  l e t  c be the  long i tud ina l  son ic  v e l o c i t y  

i n  the  c y l i n d e r ,  and V, k ,  and cy be cons t an t s .  The boundary condi t ions 

imposed by t h e  physical regime a r e :  

x = 0, 

2 > 0 ,  
;; c 0, 

f o r  t = 0 

f o r  l a r g e  t 

x i s  large (- c t )  , 
\bC,  

( b o .  

Our assumption i s  tha t  k i s  of the  form: 

-kt  k = V e  

But ,  t o  conform t o  t h e  requirement (2b) w e  change t h i s  t o  

* 
M r .  J .  Martin Gorfinkel of t he  I n s t i t u t e ' s  Mathematical Sciences 

Department a ided i n  the  preparat ion of t h i s  s e c t i o n .  
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I n t e g r a t i n g  (3b) gives  

V -kt 
k x = - - e  + c t + c y .  

From ( l a ) ,  cy = V/k; t h e r e f o r e ,  

V -kt V 
k k 

x = - - e  + c t + - .  

D i f f e r e n t i a t i n g  (3b) g ives  

.. -kt  x = - kVe 

(4) 

Equations ( 5 ) ,  (3b) ,  and (6) s a t i s f y  t h e  Equirements  of condi t ions  

(1)  and (21,  t o  w i t :  

.. 
X 

t = O  

l a rge  t 

Thus, i f  t he  hypothesis  i s  c o r r e c t ,  t he  d a t a  should f i t  equat ion ( 5 ) .  

There i s  no simple regress ion  formula by which a least  squares  f i t  

of x and t can be used t o  eva lua te  V ,  k ,  and c ,  none of which i s  known 

a p r i o r i .  

However, equat ion  (5)  may be wr i t t en  i n  the  form: 

( 7 )  
- K t  x = A ( l - e  ) + B t  

where A ,  B and K a r e  cons tan ts .  I f  it i s  assumed t h a t  x is observed 

with some e r r o r ,  then  w e  can w r i t e  

- K t  
x = A ( 1 - e  ) + B t + €  
0 

where € i s  an  e r r o r  term and x i s  the  observed va lue  of x. 
0 
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W e  want t o  f i n d  A, B ,  and K t o  minimize 

where the  summations are taken over a l l  the  sample po in t s .  

t w o  observa t ions  : 

W e  make 

(1) I f  K i s  known, then  so lu t ions  f o r  A and B may be found e a s i l y  

and a n a l y t i c a l l y .  They are 

C XY - B C t y  A =  
CYa 

and 

where 

- K t  y = l - e  

and a l l  summations are taken over the e n t i r e  data set .  

(2) I f  A and B are  known, t h e  equat ion (7) can be solved f o r  K: 

K = - -  A + B t - x  
A 

I n  t 

Define a va r i ab le  z ,  f o r  each observat ion,  t o  be 

A + B t - x  
z = - -  0 

A I n  t 

A n a t u r a l  estimate f o r  K given A and B would be 

(13) 
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If the  errors w e r e  a l l  z e r o  and the data f i t  t h e  model e x a c t l y ,  then 

the  var iance  of t h e  2 ' s  would be zero. Thus t h e  var iance of z w i l l  be a 

measure of t h e  goodness of f i t  of t h e  model. 

The scheme adopted for f ind ing  A ,  B ,  and K i s  as fol lows:  

(1) Guess a value of K.  

(2)  Est imate  A and B from equat ions (10) and (11) us ing  the  
est imated value of K .  

(3) Estimate K from equat ion (14) using the  estimates of A and B. 

(4) R e p e a t  s t e p s  (2) and (3) u n t i l  there are no more s i g n i f i c a n t  
changes i n  the  estimates. 

When t h i s  method is appl ied t o  the  e n t i r e  set  of d a t a ,  i t  tends  

t o  converge t o  values  of A and B w i t h  (A + B t  - x)/A 0 f o r  those 

po in t s  w i t h  x > 115 mm.  This  makes t h e  computation of K by t h e  scheme 

above impossible.  

Three modif icat ions of t he  f i t t i n g  scheme were used and r e s u l t s  

for  each are shown in Table I V .  

Scheme 1. Only those poin ts  f o r  which x < 115 w e r e  used. 

Scheme 2 .  A l l  t h e  po in t s  were used;  when (A + B t  - x ) / A  < 0 t h a t  point  
w a s  not used i n  t h e  es t imate  of K on t h a t  i t e r a t i o n .  This  
method d i d  not converge; rather i t  cycled w i t h  (a - B t  - x)/A 
going negat ive on every fourth or f i f t h  i t e r a t i o n  f o r  one 
or more of t h e  poin ts .  The r e s u l t s  shown i n  t h e  t a b l e  were 
picked from the cycle  a t  random. 

Scheme 3. A l l  t he  d a t a  po in t s  were used t o  estimate A and B f o r  given 
K ;  but then  only those points  f o r  which x < X c r i t  were used 
t o  f ind  the  next value of K .  
and 100 mm . 

Resul t s  a r e  shown f o r  xcrit = 115 

I n  schemes 1 and 3 t h e  procedure converged a f t e r  about 200 i t e r a t i o n s ,  

o r  less than  2 minutes of computer t i m e .  Some empir ica l  t e s t i n g  was 

done t o  v e r i f y  t ha t  values  a t  which t h e  procedure converged were indep- 

endent of the  s t a r t i n g  estimate of K.  
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Schemes 2 and 3 gave r e s u l t s  t h a t  were only marginal ly  d i f f e r e n t ,  

with 3b g iv ing  t h e  b e s t .  Figure 7 lists the  va lues  of t he  c o e f f i c i e n t s  

A ,  B,  and K and shows a comparison of t h e  observed w i t h  t he  c a l c u l a t e d  

va lues  of x computed by scheme 3b. Also l i s ted  are va lues  of t he  r e s i d u a l s ]  

the  sum of the  r e s i d u a l s ]  and the  sum of the  squares  of t he  r e s i d u a l s .  

Figure 8 p resen t s  a graphica l  comparison of t he  experimental  and a n a l y t i c a l  

d a t a .  

I n  sec t ion  IVB, we g ive  an  i n t e r e s t i n g  comparison of t hese  r e s u l t s  with 

those repor ted  by J a f f e ,  Beauregard,  and A m s t e r . '  

experiments which, i n  every way but one, were i d e n t i c a l  t o  ours :  i n  l i e u  of 

p rope l l an t  they  used a Luci te  acceptor  and t h e i r  r e s u l t s ,  a l s o  shown i n  

Fig. 8 ,  are e s s e n t i a l l y  i d e n t i c a l  t o  ours. 

Those au tho r s  performed 

3.  Resu l t s  

Because of the  e x c e l l e n t  f i t  of the  d a t a  with the  computed c o e f f i c i e n t s  

we use t h e  fol lowing equat ions t o  represent  t he  a t t e n u a t i n g  shock i n  the  

x- t  and k-t p lanes  f o r  x < 153 mm: 

x = 40.21(1 - 3 + 2.164t1 

k = U = 3.1002 exp(-O.O771t) + 2.164. 

Later we w i l l  use  t h e  second of these equat ions  t o  compute t h e  shock 

pressure .  
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C .  Prope l l an t  Sonic Veloci ty  

The lower l i m i t  t o  t he  shock ve loc i ty  is the  long i tud ina l  sound ve l -  

o c i t y ;  t h i s  value also se rves  a s  an important parameter i n  "anchoring" 

the  Hugoniot. Consequently, we performed experiments t o  measure the  

speed of sound i n  PBAN-170 u s i n g t h e  method described by Gottleman and 

Evans. B r i e f l y ,  t h e  experiment cons is ted  i n  imposing a square wave upon 

one end of a long sample and measuring the  t r a n s i t  t i m e  t o  t h e  o the r  end. 

The t r a n s i t  t i m e  t v a r i e s  l i n e a r l y  with sample th i ckness  x ,  but because 

of edge and end e f f e c t s  t h e  l i n e  does no t  pass  through the  o r i g i n .  The 

s lope  of t he  l i n e  d d d t  i s  never the less  a p r e c i s e  measure of t he  sound 

v e l o c i t y .  The experimental  r e s u l t s  are summarized i n  Table V and Fig .  9 .  

The f i g u r e  shows t h e  l i n e a r i t y  of t h e  f i t .  From a least squares  f i t  of 

t he  data t h e  speed of sound was found t o  be 2.13 

be l i eve  t o  be i n  good agreement w i t h  t h e  value of 2.16 mm/psec obtained 

f r a n  the  a t t e n u a t i o n  s t u d i e s  and repor ted  i n  t h e  preceding paragraph. 

3 

mm/psec. T h i s  w e  2 

4 

TABLE V 

TRANSIT TIME OF SOUND WAVE I N  PBAN-170 

I 7 

Thickness 
mm 

2.54 

5.08 

7.49 

10.16 

12.6 

15.1 

17.8 

Trans i t  Time 
psec 

1.19 f 0 .1  

2.47 f 0.1  

3.27 f 0 .1  

4.41 f 0.1 

5.78 0.2 

6.75 f 0.2 

8.11 f 0.2 
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D .  Equation of S t a t e  

1. Introductory Discussion 

C l a s s i c a l l y ,  t h e  Hugoniot of a ma te r i a l  is  t h e  g raph ica l  or a n a l y t i c a l  

r e p r e s e n t a t i o n  i n  t h e  P-p plane of t h e  locus  of a l l  states i n  t h a t  plane 

t h a t  can  be reached from an i n i t i a l  s t a t e  (P E ) by shock compression, 

where P, p and E are t h e  p re s su re ,  dens i ty ,  and i n t e r n a l  energy. Unlike 

a d i a b a t i c  compression, which i s  i d e a l l y  a r e v e r s i b l e  process ,  shock com- 

p r e s s i o n  is not r e v e r s i b l e .  The shock compression conservat ion equat ions 

t h a t  relate p and p are 

0 ’  Po, 0 

- UP)/US, (16) po/p = (U S 

where U and U are t h e  shock v e l o c i t y  and p a r t i c l e  v e l o c i t y ,  r e s p e c t i v e l y .  

The Hugoniot is constructed from values of P and p / 

are gene ra l ly  known, t h e  Hugoniot is determined when t h e  r e l a t i o n  between 

U and U is experimental ly  generated.  

S P 
Since P and p 

0 0 ’  0 0 

S P 

We i n v e s t i g a t e d  seve ra l  experimental methods t o  obtain U and U 

f o r  PBAN-170 (see, f o r  example, R i c e  et  a1.’ and Duvall”), but  only 

those t h r e e  which w e  a c t u a l l y  used w i l l  be detailed. At t h e  o u t s e t ,  i t  

w a s  apparent  t h a t  a t  least t w o  methods would be necessary to  cover t h e  

d e s i r e d  p res su re  range: 0 t o  100 kbar.  

s P 

The methods which were app l i cab le  a t  high p res su re ,  such a s  the  

con tac t  exp los ive  method, do  not give r e l i a b l e  d a t a  a t  p re s su res  below 

15 t o  20 kbar.  The low pressure methods such as  t h e  oblque shock technique 

cannot be designed t o  give p re s su res  greater than about 20 kbar i n  p l a s t i c -  

l i k e  materials. 

25 



2.  Low Pressure Regime 

a .  Oblique Shock Method 

The obl ique shock method developed by Fowles” is  p a r t i c u l a r l y  

app l i cab le  t o  s tudying the  low pressure r eg ion  (0-20 k b a r ) ,  within which 

any e l a s t i c - p l a s t i c  t r a n s i t i o n  m i g h t  be  expected t o  occur.  For example, 

t h i s  teohnique w a s  used success fu l ly  by Evans and Schmidt” t o  study 

P l e x i g l a s  i n  t h i s  same pressure region. 

Figure 10 d e p i c t s  t he  experimental arrangement we used. A shock 

wave which decays with d i s t a n c e  x i s  induced i n  the p rope l l an t  wedge by 

the  de tona t ing  shee t  explosive.  Under these  cond i t ions  t h e  shock v e l o c i t y  

a t  any point  is  given by 

Us = U s i n  8 = U s i n  y, D a (17) 

where U is  the detonat ion v e l o c i t y  i n  t h e  exp los ive  s h e e t ,  U is  t h e  
D a 

v e l o c i t y  with which the  shock i n t e r s e c t s  a plane p a r a l l e l  t o  t h e  wedge 

s u r f a c e  AF such as CE, and 0 is the angle between AF and t h e  tangent t o  

t h e  advancing wave. From geometric cons ide ra t ions ,  i t  is seen tha t  

c o t  e = cot (y -t U /U s i n  CY. (18) D a  

Thus from a measurement of cy, U and U w e  can c a l c u l a t e  U u s ing  equat ions 

(17) and (18). 

by the  free su r face  approximation, U = U /2 ,  can be determined from the  

experiment . 

D’ a ’  S 

The f r e e  s u r f a c e  v e l o c i t y ,  U f s ,  which is r e l a t e d  t o  U 
P 

P f s  
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VELOCITY MEASUREMENT PROBES 

F Y P l  nsiVF 

\ PROPELLANT +us / sun 
INITIATOR WEDGE n 

TA-6150-1 W 

FIG. 10 TEST ARRANGEMENT FOR OBTAINING 
LOW PRESSURE HUGONIOT BY OBLIQUE 
SHOCK METHOD 

The experiment c o n s i s t s  of viewing t h e  l i g h t e d  sur face  of t h e  

wedge with a s t r e a k  camera. Poin t  source l i g h t i n g  and a g r i d  image 

are  provided by an  exploding argon candle f i t t e d  with a t ransparent  

g r i d .  The l i n e s  of t h e  image are perpendicular t o  t h e  plane of t h e  sketch 

i n  F ig .  10. The a r r i v a l  of the  shock wave a t  t h e  f r e e  sur face  causes  

t h e  image of t h e  g r i d  l i n e s  t o  s h i f t .  From the e x t e n t  of t h e  s h i f t  t h e  

f r e e  sur face  v e l o c i t i e s  are obtained; t h e  rate of t h e  s h i f t  g ives  Ua. 

The advantage of a continuous recording of t he  f ree-sur face  motion i s  

t h a t  it g ives  i n  a s i n g l e  experiment a range of U -U d a t a  and shows 

i f  t h e r e  i s  an  e las t ic  wave preceding t h e  shock. 

S P  

W e  were a b l e  t o  so lve  some of the problems assoc ia ted  with applying 

t h i s  experimental  method t o  large wedges of propel lan t .  These included 

l i n e  i n i t i a t i o n  of the  sheet  explos ive ,  p rope l lan t  mold r e l eas ing  agen t s ,  

smooth-ref lect ive s u r f a c e s ,  and uncer ta in ty  i n  wedge angle  CY. With an 

error a n a l y s i s  w e  were ab le  t o  show t h a t  the  unce r t a in ty  i n  a would not  
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be t h e  l i m i t i n g  e r r o r .  However, for  reasons not f u l l y  understood our 

f i l m  records  are cloaked i n  the  c r i t i c a l  reg ion  by what appears  t o  be 

smoke--though every precaut ion was taken t o  e l imina te  these problems. 

Because of t i m e  l i m i t a t i o n s  t h i s  approach was f i n a l l y  abandoned. Even 

though we were not  a b l e  t o  obtain usefu l  U -U data ,  w e  could conclude 

from t h e s e  experiments t h a t  there was evidence of no e l a s t i c  precursor  

wave. 

S P  

b.  Aquarium Method 

Since t h e  obl ique shock method w a s  unsuccessful ,  w e  i n v e s t i -  

13'14 In t h i s  experiment aquarium" o r  impedance mismatch method. 11 gated t h e  

the shock is followed as i t  t r a v e l s  from t h e  sample i n t o  a material of 

known.equation of s t a t e ,  i . e . ,  one f o r  which the  U -U r e l a t i o n  i s  known. 

This material i s  usua l ly  water because of i t s  w e l l  def ined equat ion of 

S P  

I t  s ta te ,  thus  the  name "aquarium. Equation (19) is then used t o  c a l c u l a t e  

t h e  par t ic le  ve loc i ty  i n  t h e  sample: 
7 ,13 

where t h e  subsc r ip t  t s t ands  f o r  t h e  material being t e s t e d .  T h i s  equat ion 

r e q u i r e s  t h a t  the  U -U r e l a t i o n  be known f o r  both materials i n  t h e  

pressure  reg ion  about t h e  i n t e r f a c e .  

S P  
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Figure 11 is a schematic d iagram of t h e  test  arrangement. A 

t y p i c a l  streak shadowgraph f r o m a n  aquarium experiment is shown i n  Fig.  12.  

Line A-B r e p r e s e n t s  t h e  shock i n  the  Plexiglas .  The t i m e  from B t o  C 

is t h e  t r a n s i t  t i m e  i n  t h e  opaque p rope l l an t .  Line C-D i s  t h e  shock 

t r a n s m i t t e d  i n t o  t h e  water. Because U -U d a t a  are a l s o  a v a i l a b l e  f o r  

Luc i t e  equat ion (19) can a l s o  be applied t o  the  a t t enua to r -p rope l l an t  

i n t e r f a c e .  

S P  

3. High Pressure Regime 

The con tac t  explosive method w a s  employed i n  the  high p res su re  r eg ion  

(> 20 kba r ) .  In  these  experiments small t h i n  c y l i n d e r s  (- 2 .5  and - 5.0 mm) 

were placed on a specimen p l a t e  of aluminum or b r a s s  and a plane shock 

wave imposed on t h e m .  Figure 13 shows a schematic diagram of t h e  test  

arrangement. By varying t h e  composition of the  exp los ive  donor (Comp B 

o r  Baratol) and the  thickness  and composition of t he  a t t e n u a t o r s ,  a plane 

shock wave of va r ious  s t r e n g t h s  was generated (see, f o r  example, Coleburn15). 

The t r a n s i t  t i m e s  through the  t h i n  propel lant  samples and thus the average 

shock v e l o c i t y  were measured by viewing, w i t h  a streak camera, t h e  l i g h t e d  

s u r f a c e s  of t h e  samples which had been made r e f l e c t i v e  by an aluminized 

Mylar s t r i p .  The t i m e  of disappearance of t he  images from the f r e e  su r face  

mi r ro r s  above some of the samples and on t h e  specimen p l a t e  w a s  used t o  

compute t h e  free su r face  v e l o c i t y  of the p rope l l an t  and specimen p l a t e .  

The p a r t i c l e  v e l o c i t y  i n  t h e  propel lant  was c a l c u l a t e d  us ing  both the  free 

s u r f a c e  approximation and t h e  impedance matching method (see Rice et a l .  

f o r  a d i scuss ion  and a n a l y s i s  of both methods) .  A t y p i c a l  trace i s  shown 

i n  Fig.  14.  Point A is  the  a r r i v a l  of the  shock a t  t h e  specimen p l a t e  

su r face .  The shock a r r i v e s  a t  t h e  propel lant  s u r f a c e s  a t  B and B ' .  A-C 

is t h e  p l a t e  f r e e  s u r f a c e  t ime,and B-D and B ' -D '  are t h e  f r e e  s u r f a c e  t i m e s  

9 

of t h e  samples. 
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FIG. 13 TEST ARRANGEMENT FOR EQUATION OF STATE MEASUREMENTS 
BY CON TACT EXPLOSIVE METHOD 
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FIG. 14 PHOTOGRAPHIC RECORD FROM CONTACT EXPLOSIVE EXPERIMENT 
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4 .  Experimental Equipment 

A l l  photographic d a t a  were co l l ec t ed  with a Beckman and Whitley smear 

camera Model 770. This  camera has a maximum w r i t i n g  speed of 10.17 mm/psec 

a t  3000 cps  and records  f o r  20 psec a t  t h i s  speed. W e  used 70 mm Kodak 

T r i  X f i l m  which w a s  developed i n  HC110 a t  68 F f o r  6 .5  minutes.  A s l i t  

of 0.05 mm was used i n  the  con tac t  explosive experiments while one of 0.10 mm 

w a s  used f o r  t he  low pressure  experiments.  L ight ing  f o r  t he  con tac t  ex- 

p los ive  and obl ique shock experiments was provided by an exploding argon 

candle .  This candle  c o n s i s t s  of an open-ended wooden box 13 x 18 x 30 c m  

whose i n s i d e  is  aluminized. The box is closed a t  one end by an explos ive  

pad and the  o ther  by a f r o s t e d  g l a s s  p l a t e .  The box i s  f i l l e d  with argon 

gas which becomes except iona l ly  b r i l l i a n t  when an explos ive  shock i s  dr iven  

i n t o  i t .  The e l e c t r o n i c  f l a s h  used i n  t h e  aquarium experiments was a 

S p i r a l i t e  f l a s h  head. This f l a s h  unit  was operated on a 115 AC c i r c u i t  

and f l a shed  by the  smear camera t r i g g e r i n g  u n i t .  

0 

5. Experimental Resu l t s  

The equat ion of s t a t e  da t a  which w e  obtained f o r  FBAN-170 a r e  

summarized i n  Table V I .  The methods by which t h e  d a t a  w e r e  obtained a r e  

a l s o  l i s t e d .  Many i n v e s t i g a t o r s  have found t h a t  t he  r e l a t i o n  between 

U and U is  a l i n e a r  one.' 

least squares  f i t  shown by the  s t r a i g h t  l i n e :  

Figure 15 is  a p lo t  of our d a t a  w i t h  a bes t  
S P 

P' U = 2 .22  + 1.71 U 
s 

The i n t e r c e p t  a t  2 .22  mdPsec  i s  only 4.2% higher  than the  measured sound 

v e l o c i t y  of 2 .13  mm/p,sec. Both the  sound v e l o c i t y  and the  shock v e l o c i t y  
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TABLE V I  

EQUATION OF STATE DATA 

Sample 
P 5w of ** Tzmp . Thickness UP 

Shot N o .  * K mm mm/CLsec mm/CLsec kbar 0’’ Analysis  - -  
12,949 291 2.56, 4 e725 1.46, 116.9 0.690 1 

5.08 5 .OO, 1.67, 141.3 0.666 1 

2.565 4 -725 1.46, 117.2 0.689 2 

5.08 5 .OO, 1.44, 122.0 0.711 2 

12,968 

12,974 

12,975 

12,988 

289 

291 

295 

2 93 

5.15 2.99 .244 12.3 0.918 1 

2.60 3 .ll .23 1 12.2 0.926 1 

5.15 2.99 .3 15 16.5 0.895 2 

2.60 3 .ll .3 17 16.0 0.898 2 

2 .60 4 e 3 1 6  1.17, 85.5 0.729 1 

5 .oo 4 e486 1 e249 94.6 0.722 1 

2 .oo 4 -316 1-35, 98.8 0.686 2 

5 .oo 4 a486 1.34, 101.3 0.701 2 

2.60 3.56, 1.036 62.3 0.709 1 

5 .oo 3 -844 1 eo43 67.8 0.729 1 

4.95 3.39 0.609 34.9 0.820 3 

4.95 3.39 0.733 42.0 0.784 4 

13,002 2 94 4.97 2.14 0.038 1.40 0.982 3 

4.97 2.14 0.124 4 -48 0.942 4 

13,003 2 94 4.97 2.23 0.147 5.55 0.934 3 

4.97 2.23 0.248 9.34 0.889 4 

* 
Shot Nos. 12,949-12,975 were contact  explos ive  experiments.  
Shot Nos. 12,988-13,003 were aquarium experiments.  

T v p e s  of ana lys i s :  (1) measured f ree  sur face  v e l o c i t y ,  (2)  impedance 
matching, (3) aquarium-water equat ion of state,14 (4) aquarium- 
P lex ig l a s  equat ion  of s ta te  .I2 ,I5 

** 
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a t  i n f i n i t e  th ickness  (2.16 mdpsec)  obtained from the  shock a t t enua t ion  

experiments are shown i n  Fig.  15. Equation (20) with equat ions (15) 

and (16) def ine  a Hugoniot f o r  PBAN-170. Figure 16 shows t h e  Hugoniot 

i n  t h e  P-U plane.  The poin ts  were computed us ing  equat ion (15) and the  

experimental  r e s u l t s .  The l i n e  shown i s  t h a t  of equat ion (20) ,  transformed 

to  t h e  P-U plane us ing  equat ion  (15). C l a s s i c a l l y ,  t h e  Hugoniot i s  
P 

represented  i n  the  P-p plane by p l o t t i n g  t h e  pressure  versus  t h e  dynamic 

compress ib i l i t y ,  i . e . ,  d e n s i t y  r a t io ,  po/p.  

shown i n  Fig.  17. 

P 

Such a r ep resen ta t ion  i s  

Our d a t a  do n o t  show a break i n  t h e  pressure-densi ty  curve t h a t  

would correspond t o  a p l a s t i c - e l a s t i c  t r a n s i t i o n ,  but  they do  seem t o  

f i t  a smooth curve i n  t h e  expected region.  However, t h i s  t r a n s i t i o n  may 

occur a t  a s t i l l  lower pressure  (< 1 kbar) where w e  would not  have de tec t ed  

i t .  

Using the  d a t a  f o r  t h e  equat ion  of state and the shock a t t e n u a t i o n  

f o r  PJ3AN-170, a pressure-shock t r a v e l  d i s t ance  curve was cons t ruc ted .  

This is shown i n  F ig .  18 f o r  te t ry l - loaded  PBAN-170. 

E.  A i r  B las t  Measurements 

1. The Equivalence Fac tor  

One of t h e  ob jec t ives  of t h i s  program w a s  t o  determine what f r a c t i o n  

of a sample p rope l l an t  i n  contac t  w i t h  a de tona t ing  explos ive  charge w i l l  

c o n t r i b u t e  t o  the  t o t a l  b l a s t  wave i n  a i r .  T h i s  contributi’on i s  most r e a d i l y  

expressed i n  terms of an equivalence f a c t o r  f ;  t he  b a s i c  assumption is  t h a t  
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a mass W of explos ive  plus  propel lan t  produces e s s e n t i a l l y  t h e  same b l a s t  

wave as  would a mass f W  of t h e  same explosive a lone .  

r a t i o  of t h e  ( s p e c i f i c )  energy of explosion of t h e  explosive t o  t h a t  of 

t h e  p rope l l an t  then permi ts  a reasonable  estimate of t h e  mass of p rope l l an t  

t h a t  a c t u a l l y  cont r ibu ted  t o  t h e  b l a s t  wave. 

A knowledge of t he  

A s tandard  technique f o r  determining f depends on t h e  w e l l -  

e s t a b l i s h e d  f a c t  t h a t ,  t o  a good approximation, t he  peak overpressure 

r a t io  (or ,  equ iva len t ly ,  t he  shock Mach number) f o r  most secondary 

exp los ives  detonated i n  a i r  under near-standard cond i t ions  is cont ingent  

only on the  parameter where r i s  t h e  d i s t a n c e  from t h e  c e n t e r  

of t he  charge and E i s  t h e  t o t a l  energy r e l eased  by t h e  explos ion .  A t  

g r e a t  d i s t a n c e s ,  the  peak overpressure r a t i o  i s  a f f e c t e d  only s l i g h t l y  

by the  d e t a i l s  of t he  charge conf igura t ion  and t h e  exac t  rate of energy 

r e l e a s e .  

produce a given peak overpressure r a t i o  a t  d i s t a n c e s  r and r 

we must have 

Accordingly,  i f  two explosions w i t h  energy release E 1 

1 2 ’  

and E2 

r e s p e c t i v e l y ,  

-11’3 
= r E  -1/3 

2 2  r E  1 1  

For a given exp los ive ,  E i s  proport ional  t o  W ,  t he  mass of t he  charge , 

and w e  have 
3 

W2 = W1 (r /r ) . 2 1  

I n  the  case a t  hand, W1 is  the  mass of t h e  explos ive  a lone ,  and 

W = fW i s  t h e  equiva len t  mass corresponding t o  t he  b l a s t  produced by 

t h e  explos ive  plus  p rope l l an t .  We then have 

2 1 
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where rl i s  t h e  d i s t ance  a t  which detonation of t h e  explosive alone 

produces a given peak overpressure and r i s  t h e  d i s t ance  a t  which t h e  

exp los ive  p lus  p rope l l an t  produces t h e  same overpressure.  A measure 

2 

of t h e  e x t e n t  t o  which the  basic assumptions as t o  the e f f e c t  of charge 

conf igu ra t ion  and energy r e l e a s e  r a t e  are v a l i d  i s  provided by the  

dependence of t h e  value of f on t h e  peak overpressure used t o  determine 

r and r * a f u r t h e r  experimental  check i s  t o  compare t w o  explosive 

charges of d i f f e r e n t  s ize  (without propel lant)  and t o  note the  agreement 

between f and t h e  known r a t i o  of charge weights.  

1 2 ’  

Eviden t ly ,  t he  a p p l i c a t i o n  of t h i s  method r equ i r e s  t h e  determinat ion 

of t h e  r ad ius  as a func t ion  of peak overpressure f o r  each explosion;  i f  

s e v e r a l  explosions are t o  be compared, t h e  corresponding ranges of over- 

p re s su res  must have s i g n i f i c a n t  overlap.  

2.  Pressure Gauge S tud ie s  

Peak pressure-distance r e l a t i o n s  can be obtained d i r e c t l y  from 

measurements of t h e  shock v e l o c i t y .  Very high frequency p i e z o e l e c t r i c  

gauges,  such as t h e  K i s t l e r  o r  ARC u n i t s  conjoined w i t h  o sc i l l o scopes ,  

give pressure-time d a t a  d i r e c t l y .  Barium t i t a n a t e  p i e z o e l e c t r i c  gauges,  

used s i m i l a r l y ,  w i l l  g i v e  only the a r r i v a l  time. When s e v e r a l  such gauges 

are loca ted  accu ra t e ly  along a radius from the  shock source,  d i f f e r e n t i a t i o n  

of t he  c o l l e c t e d  da ta  y i e l d s  ve loc i ty  and,  from t h e  equat ion of s ta te  

f o r  a i r ,  t he  des i r ed  peak pressures .  

Each method has  i t s  advantages. The high frequency gauges give d i r e c t l y  

the  pressure-time h i s t o r y  and with it both peak pressure and impulse 

a t  a given p o s i t i o n .  Even t h e  bes t  gauges of t h i s  c l a s s ,  however, s u f f e r  

from inaccuracy and,  because of t h e  complications of a n c i l l a r y  e l e c t r o n i c  

equipment, u n r e l i a b i l i t y .  They a r e  a l s o  expensive (up t o  $1000 per channel).  
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The t ime-of -ar r iva l  gauges a r e  simple and r e l i a b l e ;  they c o s t  about t w o  

o r  t h r e e  d o l l a r s  each.  They do not give impulse d a t a  and peak pressure  

are obtained only upon d i f f e r e n t i a t i o n  a s  noted above, but t he  equat ion 

of state f o r  a i r  is known w i t h  considerable  accuracy and gauge coord ina tes  

can be p r e c i s e l y  e s t a b l i s h e d .  Because of t he  m e r i t s  and drawbacks of 

each type  of measurements, we decided t o  use pr imar i ly  an a r r a y  of barium 

t i t a n a t e  gauges i n  conjunct ion  wi th  a p a i r  of high frequency gauges. For 

t h i s  reason w e  c a l i b r a t e d  t w o  ARC and two K i s t l e r  gauges so t h a t  we might 

use t h e  best of t hese .  

a .  C a l i b r a t i o n  of Gauges 

Two Kistler and t w o  ARC gauges were c a l i b r a t e d  by the  method 

The fou r  gauges were mounted on a s i n g l e  cy l inde r  i n  descr ibed  by Cole.'' 

e s s e n t i a l l y  equiva len t  p o s i t i o n s .  Then t h e  cy l inde r  w a s  slowly pressur ized  

by means of a p r e c i s i o n  dead-weight t e s t e r  t o  p rec i se ly  measured l e v e l s  of 

up t o  100 p s i .  

release va lve ,  and the  gauge outputs  were recorded on osc i l l o scopes .  The 

procedure was s imple and r e l i a b l e  and t h e  r e s u l t s  were obtained quick ly .  

To reduce t h e  p o s s i b i l i t y  of systematic  e r r o r s ,  tests w e r e  run  a t  every 

t en th -ps i  i n t e r v a l  from 0 t o  100, then back down t o  ze ro ,  and f i n a l l y  from 

ze ro  t o  100 aga in  ( e . g . ,  0 ,  10,  20, ..., 100, 90, . .., 0 ,  10,  ..., 100). The 

r e s u l t s  of t h e  tests a r e  given i n  Table VI1 and i n  F igs .  19 and 20. The 

gauges with t h e i r  a s soc ia t ed  c a b l e s ,  p reampl i f ie rs  ( f o r  t h e  Kistlers), 

connec tors ,  e t c . ,  were s t o r e d  f o r  use i n  the  a i r  b l a s t  measurements as  

o r i g i n a l l y  connected f o r  t h e i r  c a l i b r a t i o n .  

The pressure  w a s  abrupt ly  lowered t o  0 p s i  with a quick-act ing 
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b. Gauge Mount 

The ARC gauge i s  suppl ied mounted i n  a "needle-nosed" support 

tha t  i s  s u i t a b l e  f o r  a i r  b l a s t  measurements over a pressure range g r e a t e r  

than t h a t  over  which w e  w i l l  operate .  

hand, s u i t a b l e  mounts are required.  

a i d  of t h e  following sketch:  

For t h e  Kist lers ,  on t h e  o t h e r  

These are b e s t  descr ibed w i t h  t h e  

AIR 
SHOCK 
WAVE 

/ GAUGE 

\ 

For the gauge response t o  be independent of the  angle  6 and 

t o  record t h e  t r u e  a i r  p re s su re ,  i t  is  required t h a t  

3 cot  6 >> (M2 - 1) 

where 

and M is  the  shock Mach number. For a i r ,  y = 1 .4 ,  and 
S 

3 
0.4@ + 2 

M = M  - [ ] . 
S 2.8M", - 0 . 4  
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If Ms = 3, then M = 2.52 and c o t  6 = 11.5 >> 2.3. For smaller 

Mach numbers t h e  margin of sa fe ty  i s  even greater.  

peak overpressure P i s  approximately 150 p s i .  

w i th in  t h e  requirements when w e  mounted t h e  gauge on a u n i t  f o r  which 

For M = 3, the  
S 

Therefore ,  we were w e l l  

6 = 5 .  0 

c.  Data Recording System 

The instrumentat ion f o r  recording t h e  b l a s t  d a t a  was assembled 

and t e s t e d  t o  e s t a b l i s h  t h a t  t h e  requirements f o r  p rec i s ion ,  accuracy,  

and r e l i a b i l i t y  w e r e  being s a t i s f i e d .  

of t h e  genera l  sys t em.  

Figure 21 i s  a schematic diagram 

Addit ional  de ta i l s  are shown i n  Fig.  22. 

SHOCK VELOCITY 

TIME OF 
ARRIVAL PROBES CIRCUIT 

'='-iq13NATE I 1 

BLAST WAVE I ,  F l  I---- 
I 

1 )  TIME OF ARRIVAL MIXER GENERATOR 
GAUGES I 

2) HIGH FREQUENCY 
GAUGES 

.Ic 

RECORDER 0 
I I TI-6150-37 

FIG. 21 SHOCK ATTENUATION AND BLAST WAVE MEASUREMENTS 
SYSTEM SCHEMATIC 
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The parameter record ing  system shown i n  Fig.  22(c)  was used 

t o  a d j u s t  t h e  gauge output ampli tudes t o  a s u i t a b l e  l e v e l  f o r  t he  tape 

reco rde r .  The output  of t h e  same system w a s  a l s o  recorded on a s e t  of 

p r e c i s e l y  delayed osc i l l o scopes .  The ne t  e f f e c t  was t h a t  the  p re s su re  and 

t ime-of -ar r iva l  d a t a  were recorded both on a w i d e  band (30 t o  3.8 Mc) 

videotape recorder  f o r  l a t e r  playback (on an osc i l loscope)  and d i r e c t l y  

on to  an  osc i l loscope .  The redundancy gave improved r e l i a b i l i t y  and 

accuracy.  

3. Equivalence Fac tors  from Time-of-Arrival Measurements 

The experimental  arrangement for determining the  equivalence 

f a c t o r  w a s  b a s i c a l l y  very s imple.  The explos ive  charges used were 

combinations of t w o  o r  three t e t r y l  p e l l e t s  (2 inches i n  diameter, 1 

inch t h i c k ,  76.5 t o  80 g*), wi th  o r  without a 2-inch-diameter, 4-inch- 

long c y l i n d e r  of propel lan t  i n  contac t .  The t e t r y l  w a s  i n i t i a t e d  by a 

cap and boos ter  conta in ing  about 1 g explos ive .  Time-of-arrival gauges 

w e r e  placed i n  a l i n e  through t h e  approximate c e n t e r  of t he  t e t r y l  

charge and perpendicular  t o  t h e  d i r e c t i o n  of de tona t ion .  Four gauges, 

14 inches  a p a r t ,  were permanently mmnted on a steel s t r i p  t o  a s su re  

both accuracy and r e p r o d u c i b i l i t y .  The l ead ing  gauge was placed about 

40 inches  from t h e  c e n t e r  of t h e  charge, t he  exac t  d i s t ance  (* 1/8 inch) 

being determined before  each s h o t .  Unfortunately,  i t  was not r e a l i z e d  

u n t i l  after the  experiments w e r e  completed t h a t  t h e  weights of t h e  t e t r y l  

p e l l e t s  var ied  perhaps by as  much as 10%; hence t h e  exac t  charge weight 

f o r  each shot  is not known. 

*Mass range w a s  based on 5 randomly chosen p e l l e t s .  
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The t i m e  of a r r i v a l ,  t ,  of the shock f r o n t  a t  each gauge was 

recorded as previously descr ibed and the r e s u l t s  were f i t t e d  t o  a curve 

of t h e  form 

2 .Cn t = A  + B b r + C ( b  r) 

f o r  each s h o t ;  t h e  three cons t an t s  A, B ,  C were determined from t h e  

f o u r  measured p a i r s  of va lues  ( l o g  t ,  log r) for a best least-square 

f i t .  The shock v e l o c i t y  as  a func t ion  of r is  then given by 

d r  d h r  r -  r 
d t  d b .t t 

v = - =  . - -  
(B + 2C t n  r) exp[A + B 4n r + C(&n r)"J 

from which t h e  Mach number (V/co) and the  peak overpressure 

7[(V/C0)2 - 11 
6 

P +  

can be r e a d i l y  determined. 

p re s su re  of t h e  atmosphere.) Tables  of P versus  r w e r e  computed and 

p r i n t e d  out f o r  s m a l l  enough i n t e r v a l s  of r t o  allow the  determinat ion 

of t h e  value of r corresponding t o  a given P by in spec t ion  t o  the  nea res t  

t e n t h  of an  inch.  

(co and P are t h e  ambient sound speed and 
0 

Shots  were f i r e d  on t w o  successive days,  the e i g h t  shots of the  

first day being designated as S e r i e s  I ,  t h e  remaining f o u r  s h o t s  as  

S e r i e s  11. Typical t ime-of-arrival data and f i t t e d  curves are shown i n  

Fig.  23 f o r  a s h o t  with two t e t r y l  pellets (No. 1) and a shot  with two 
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* 
t e t r y l  p e l l e t s  p lus  p rope l l an t  (No. 4). The d i s t a n c e s  corresponding 

t o  overpressures  of 10 ,  20, 30, and 40 p s i  (der ived  from t h e  f i t t e d  

curves  as explained above) are shown for  a l l  twelve s h o t s  i n  Table VIII .  

The agreement of r e s u l t s  between t w o  d i f f e r e n t  s h o t s  of t he  same type 

f i r e d  on t h e  same day is  q u i t e  good, except perhaps a t  10 p s i  where the  

d i s t ance  as a func t ion  of overpressure v a r i e s  r a p i d l y ;  t h i s  pressure  

l e v e l  w a s  t he re fo re  not used i n  the  c a l c u l a t i o n  of equivalence f a c t o r s .  

Shot No. 8 was s i m i l a r  t o  t h e  propel lan t  s h o t s  except t h a t  t h e  propel lan t  

w a s  rep laced  by a Luci te  cy l inde r  of the same dimensions; t h e  r e s u l t s  

(except a t  10 p s i ) ' f a l l  w e l l  w i th in  the range of Shot Nos. 1, 2 ,  and 5 ,  

i n d i c a t i n g  t h a t  whatever c o n t r i b u t i o n  the  p rope l l an t  makes t o  the  b l a s t  

is not pure ly  mechanical. 

In  s p i t e  of t h e  i n t e r n a l  consis tency wi th in  each s e r i e s ,  t he re  is 

a n  obvious disagreement between the  r e s u l t s  of S e r i e s  I and S e r i e s  11; 

nominally i d e n t i c a l  s h o t s  i n  S e r i e s  I1 appear  t o  produce weaker b l a s t s  

(smaller r f o r  a given overpressure)  , g iv ing  an ind ica t ion  of some 

sys t ema t i c  e r r o r .  For tuna te ly ,  t h e  method of c a l c u l a t i n g  equivalence 

f a c t o r s  i s  such t h a t  i f  a s i m i l a r  e r r o r  is made i n  a l l  experiments used 

i n  a p a r t i c u l a r  de te rmina t ion  of f ,  t h i s  e r r o r  w i l l  a f f e c t  t he  equivalence 

f a c t o r  only t o  second order ,  and t h i s  is the  reason f o r  d i v i d i n g  the  

s h o t s  i n t o  the  two series. 

* 
With only f o u r  experimental  po in t s  per shot  and th ree  a v a i l a b l e  cons t an t s  

i n  the  f i t t i n g  func t ion ,  i t  is not s u r p r i s i n g  t h a t  t h e  maximum dev ia t ion  

of t he  f i t  encountered i n  any shot was only 14 psec.  
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TABLF: V I 1 1  

DISTANCE AS A FUNCTION OF OVERPRESSURE 

Distance ( inches)  f o r  given overpressure 

10 psi 20 psi 30 p s i  40 p s i  TVW of Shot Shot No. 

S e r i e s  I 

2 T e t r y l  P e l l e t s  1 
2 
5* 

69.4 
70.5 
68.4 

53.9 
53.5 
52.3 
53.7 

46.0 
45.7 
44.4 
45.8 

41 .O 
40.7 
39.8 
40.8 Me an 

3 T e t r y l  P e l l e t s  3 
7 

76.7 
76.1 

61.8 
61.4 
61.6 

53.5 
53.2 
53.3 

48.0 
47.7 
47.8 M e  an 

2 T e t r y l  P e l l e t s  
p lus  propel lan t  

Me an 

4 
6 

72.8 
68.4 

55.2 
55.0 
55.1 

47.1 
47.7 
47.4 

42.0 
43 .O 
42.5 

2 T e t r y l  P e l l e t s  
plus  Lucite 

71.1 52.8 45.0 40.2 8 

Series I1 

2 T e t r y l  Pellets 9 
11 

67.0 51.0 
65.5 50.9 

50.9 

43.4 
43.5 
43.4 

38.7 
38.8 
38.7 Me an 

2 T e t r y l  P e l l e t s  
p lus  propel lan t  

Me an 

10 70.0 53.9 
70.5 53 .O 

53.4 

46.0 
45.4 
45.7 

41.2 
40.8 
41 .O 

* 
Values f o r  t h i s  shot not used i n  computing the means 
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The computed values  of t he  equivalence f a c t o r  f r e l a t i v e  t o  2 

t e t r y l  p e l l e t s  are shown i n  Table I X .  For S e r i e s  I ,  Shot N o s .  1 and 2 

w e r e  used as s tandard because of t h e  c lose  agreement of t h e i r  d i s tance-  

pressure  func t ions .  I f  Shot Nos. 5 and 8 had been used a s  s tandard ,  

t h e  r e s u l t i n g  f-values  f o r  t h i s  s e r i e s  m u l d  have been increased by 

about 7 percent .  This  would br ing  t h e  f -values  f o r  t e t r y l  p lus  pro- 

p e l l a n t  i n  l i n e  with those obtained from S e r i e s  I1 ; however, i t  would 

a l s o  inc rease  t h e  dev ia t ion  of t h e  f-value f o r  3 t e t r y l  pellets from 

the  predic ted  va lue ,  1.5. In  view of t h e  uncer ta in ty  i n  t h e  charge 

weights ,  t he  agreement of t h e  s t a t e d  f-values  f o r  t e t r y l  p lus  propel lan t  

i s  q u i t e  good, and it  i s  f a i r  t o  conclude t h a t  t he  energy re leased  

by t h e  propel lan t  i s  about 10 t o  20 percent of the  energy re leased  by 

two t e t r y l  pellets.  

TABU I X  

EXPERIMENTAL DETERMINATION OF EQUIVAUNCE FACTOR f 
FOR PBAN-170 WITH TETRYL 

Type of Shot 

Series I 

3 t e t r y l  pellets1 

2 t e t r y l  pellets' 
plus  propel lan t  

Series I1 

2 t e t r y l  pellets2 
p lus  propel lan t  

Equivalence Fac tor  f Rela t ive  t o  B l a s t  
Produced by Two T e t r y l  P e l l e t s  

20 p s i  

1.51 

1.08 

1.15 

30 p s i  

1.58 

1.10 

1.17 

40 p s i  

1.61 

1.13 

1.19 

~ 

Mean 

1.57 

1.10 

1.17 

'Assuming Shot Nos. 1 and 2 a s  s tandard.  

'Assuming Shot Nos. 9 and 11 as standard.  

55 



4. Kistler Gauge Measurements 

Unlike the  t ime-of-arr ival  gauges, pressure gauges must be 

mounted with due regard t o  aerodynamic problems i f  they a r e  t o  i n d i c a t e  

the  f r e e - f i e l d  overpressure .  

eas i ly  mounted on a s u i t a b l e  a i r  f o i l ,  it is d i f f i c u l t  t o  place seve ra l  

gauges i n  such a way t h a t  t h e i r  r e l a t i v e  d i s t ance  from the  c e n t e r  of 

explos ion  remains unchanged between sho t s  without a t  t h e  same t i m e  pro- 

ducing some aerodynamic in t e r f e rence  among the  gauges. Accordingly,  t he  

d i r e c t  p re s su re  measurements played a r a t h e r  lesser role i n  the  b l a s t  

measurements than w e  had o r i g i n a l l y  a n t i c i p a t e d ,  and served pr imar i ly  

as a rough check on the  t ime-of -ar r iva l  measurements. In Table X are 

Although a s i n g l e  pressure. gauge can be 

shown t h e  pressure  readings  obtained during eleven of the  twelve sho t s  

from a Kistler gauge mounted w e l l  away from the  t ime-of-arr ival  gauges. 

The agreement with the  va lues  obtained from the  t ime-of-arr ival  measurements I 
l is seen t o  be q u i t e  good. , 

Shot No. 

TABLE X 

COMPARISON OF OVERPRESSURES OBTAINED 
FROM KISTLFR AND TIME-OF-ARRIVAL MEASUREMENTS 

S e r i e s  I 

2 
3 
4 
5 
6 
7 
8 

S e r i e s  I1 

9 
10  
11 
12 

Overpressure Overpressure 
Distance K i s t  ler  Time of Ar r iva l  

i n .  ( p s i )  (psi) 

44.0 
44.5 
44.1 
44.2 
44.2 
44.2 
44.2 

44.7 
44.5 
44.9 
44.5 

31.1 
44.0 
36.9 
28.9 
34.4 
47.3 
32.2 

31.3 
34.4 
28.4 
34.3 

32.8 
48.8 
35.3 
30.3 
37.1 
49.0 
31.2 

28.5 
32.6 
27.6 
31.7 
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F.  Propel lan t  Destroyed by Explosion 

1. Sample Recovery 

To relate the  b l a s t  measurements t o  the  amount of propel lan t  

destroyed or consumed, w e  recovered those p a r t s  of s eve ra l  shocked 

p rope l l an t  cy l inde r s  t h a t  remained in t ac t  a f t e r  t h e  b l a s t  pressure 

experiments.  These a re  shown i n  F ig .  24;  t he  numbers before each spec- 

imen r ep resen t  t h e  i n i t i a l  p rope l lan t  charge length i n  inches.  I n  

each case approximately 31 inches of t h e  o r i g i n a l  length was not re- 

covered. For reasons descr ibed l a t e r ,  s imilar  tests w e r e  conducted 

w i t h  a dummy propel lan t  and with t h e  PBAN binder .  The r e s u l t s  from 

4 inch cy l inde r s  a r e  shown i n  Fig.  2 5 .  From these experiments w e  

concluded t h a t  t he  amount consumed was independent of charge length 

and,  approximately, a func t ion  of the b inder  p rope r t i e s  only.  I t  i s  

important t o  note  t h a t  a l l  of these t e s t s  were performed w i t h  charges 

s o  long t h a t  t h e  equivalence factor was independent of length .  

Because these measurements were crude ,  w e  a l s o  used f l a s h  radio- 

graphy t o  study t h e  fragmentation process. 

2 .  Flash Radiography 

I n  formulat ing t h e  research plan our  hypothesis  w a s  t h a t  t h e  

processes  occurr ing  immediately behind t h e  shock wave i n  a propel lan t  

could be descr ibed by assuming e s s e n t i a l l y  h y d r o s t a t i c  behavior of 

t he  p rope l l an t .  The consequences of t h i s  approach a r e  bes t  i l l u s t r a t e d  

w i t h  t h e  following sketch:  
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ABDC i s  the  unshocked propel lan t  i n t o  which a s l i g h t l y  convex 

shock wave CD i s  t r a v e l i n g  i n  t h e  d i r e c t i o n  ind ica ted  by t h e  arrow. 

Behind CD the  shocked ma te r i a l  expands l a t e r a l l y  with t h e  ma te r i a l  f r o n t s  

a long  CF and LE. Within a reg ion  CED the forward material ve loc i ty  i s  

uniform and has  a value predic ted  from hydrodynamics. Behind t h i s  

zone, i . e . ,  behind FCEDG, t h i s  ve loc i ty  begins t o  decay. I t  i s  i n  t h i s  

regime t h a t  w e  expected fragmentation t o  occur. 

Because of the  dependence of subsequent behavior upon the  decaying 

ve loc i ty  and pressure  j u s t  behind CD, t h e r e  i s  some c r i t i c a l  pos i t i on  

of CD past  which fragmentation would not be expected. To determine 

t h i s  p o s i t i o n ,  p ropel lan t  cy l inde r s  were X-rayed while they w e r e  being 

shocked. The geometry used is  e s s e n t i a l l y  t h a t  shown i n  Fig.  6 ;  t he  

only changes were t o  dispense with the ion  probe and BaTi03 c r y s t a l  

and t o  use a 4 inch long cy l inde r  of PBAN-170. The p i c tu re s  obtained 

a r e  shown i n  Fig.  26. The noted times are those e lapsed  from t h e  in- 

s t a n t  of i n i t i a t i o n ;  t he  shock wave is moving from t h e  t op  t o  the bottom 

i n  each frame. A t  64 psec,  a shadow i s  c a s t  by a s t r i p  of so lde r  in- 

s e r t e d  t o  check the  focus ,  and a t  37,  6 4 ,  75, and 125 psec ,  t he  exposure 

of t h e  unshocked propel lan t  i s  super-imposed upon t h e  shocked sample. 

Some d e t a i l s  a r e  l o s t  i n  t h e  reproduction process ,  but each o r i g i n a l  

nega t ive  shows t h e  phenomenon r ead i ly  observed i n  t h e  p i c t u r e s  taken 

a f t e r  3 7 ,  47 ,  6 4 ,  and 75 psec. Within t h e  l i n e a r  response range of t h e  

f i l m ,  X-ray dens i ty  i s  propor t iona l  t o  material dens i ty  (not - pres su re ) ,  

and w e  see an  abrupt  increase  i n  densi ty  w e l l  behind t h e  lead ing  shock 

wave. This  i s  noted by the  arrows i n  t h e  f i g u r e s .  
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27psec  64psec  

37psec  7 5psec 

47psec  I25psec 

FIG. 26 FLASH RADIOGRAPHS OF SHOCKED PROPELLANT 
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This  s tep-funct ion i n  t h e  dens i ty  i s  not pred ic ted  by our simple 

model and,  t o  our  knowledge, has  never before  been observed i n  any 

material .  

s t a t i c a l l y  a t  t hese  high pressures .  W e  have no explana t ion  f o r  t h i s  

It is  customary t o  assume t h a t  a l l  materials behave hydro- 

I abnormal behavior ,  but t o  determine whether t h e  ox id i ze r  plays an 

e s s e n t i a l  r o l e  w e  conducted similar experiments w i t h  (a) P W  binder  

only ,  and (b) PBAN w i t h  glass beads t o  s imula te  PW-170 .  The same 

q u a l i t a t i v e  f e a t u r e s  appear i n  t h e  X-rays: f o r  both t y p e s  of ma te r i a l s  

a s t e p  i n  t h e  recorded dens i ty  appeared a t  some d i s t ance  behind the  

shock wave. We conclude, t h e r e f o r e ,  t h a t  t h i s  most unexpected behavior 

is  a consequence of b inder  property and not  of some binder-sol id  o r  

binder-oxidizer  i n t e r a c t i o n .  (An attempt t o  re la te  the  pos i t i on  of 

these waves t o  t h e  t i m e  from i n i t i a t i o n  was made. Because of p a r a l l a x  

and o t h e r  e r r o r s  t h e  der ived da ta  could not be i n t e r p r e t e d  with s u f f i c i e n t  

p rec i s ion ;  t h e r e f o r e ,  they are not included here nor are they  p l o t t e d  

i n  Fig.  8.) 

* 
G. S t r e s s  F ie ld  Calcu la t ions  i n  a F i n i t e  Diameter Cylinder  

E a r l y  thoughts about t h e o r e t i c a l  approaches t o  the  problem of 

propel lan t  de tona t ion  were based on two premises: (1) the  propel lan t  

w i l l  behave l i k e  a b r i t t l e  s o l i d  under dynamic loading ,  as many o the r  

p l a s t i c s  a r e  known t o  do;  (2) a t  low stress l e v e l s ,  de tona t ion  or ex- 

p los ion  w i l l  occur s l i g h t l y  above the stress l e v e l s  a t  which f r a c t u r e s  

* 
This  s e c t i o n  was prepared by  Professor  George E .  Duvall ,  Washington 

S t a t e  Univers i ty ,  a consul tan t  on t h i s  p ro j ec t .  
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are i n i t i a t e d .  From t h e  experiments reported above, i t  appears  t h a t  

both premises are probably fa l se  w i t h  respect t o  the materials being 

inves t iga t ed .  Whether they a re  f a l s e  f o r  a l l  p rope l lan t  ma te r i a l s  

under a l l  condi t ions  i s  not known. 

Using these premises,  we undertook a numerical i nves t iga t ion  of 

t h e  dynamic stresses t o  be expected i n  t h e  propel lan t  cy l inde r .  The 

i n t e n t  of t h i s  i n v e s t i g a t i o n  was t o  maximize the  information obtained 

and t o  minimize t h e  c o s t  by t ak ing  f u l l  advantage of both premises. 

These imply t h a t  e l a s t i c  ca l cu la t ions  of t h e  t r a n s i e n t  stresses induced 

i n  t h e  c y l i n d e r  are adequate t o  def ine t h e  regions of maximum t e n s i l e  

stress which develop as the  wave passes through t h e  cy l inde r .  Such 

reg ions  could then  be i d e n t i f i e d  as t h e  regions i n  which f r a c t u r e s  f i r s t  

occur ,  and subsequent experimental  i nves t iga t ions  would concent ra te  on 

these c r i t i c a l  regions.  The implementation of t h i s  program w a s  par- 

t i c u l a r l y  simple.  A computer program f o r  c a l c u l a t i n g  displacement i n  

a f i n i t e ,  c y l i n d r i c a l ,  e l a s t i c  ba r  has r ecen t ly  been developed'? and 

has  been adapted t o  t h i s  p a r t i c u l a r  problem a t  nominal c o s t  (see 

Appendix). In  b r i e f ,  t h e  program c a l c u l a t e s  dynamic displacements i n  

a c y l i n d r i c a l  bar  with a s t r e s s - f r e e ,  r a d i a l  s u r f a c e ,  f o r  uniform 

pressure  with a r b i t r a r y  t i m e  va r i a t ion  appl ied  a t  one end and e i t h e r  

f ixed  o r  free boundary a t  t h e  o t h e r  end. 

Before extended machine runs were made, t h e  experimental  r e s u l t s  

i nd ica t ed  t h a t  t h e  premises on which c a l c u l a t i o n s  were based w e r e  f a l s e  

(see, e .g . ,  t he  radiographs i n  F i g .  2 6 ) .  Therefore ,  f u r t h e r  e f f o r t s  

i n  t h i s  d i r e c t i o n  w e r e  abandoned. 
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The i n i t i a l  goal  of t h i s  t h e o r e t i c a l  e f f o r t - - t o  c a l c u l a t e  d e t a i l e d  

ma te r i a l  s t a t e s  i n  t h e  dynamic experiment--is s t i l l  considered a v a l i d  

one. It i s  now apparent t h a t  t o  achieve t h i s  goal  r equ i r e s  a more 

gene ra l  two-dimensional program f o r  viscoelastic,  r e a c t i n g  s o l i d s  with 

f i n i t e  stresses. The ques t ion  remains whether o r  not some e x i s t i n g  

program can be adapted t o  t h i s  purpose a t  a c o s t  commensurate w i t h  t h e  

t o t a l  e f f o r t  on the  program. 
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V SUMMARY AND CONCLUSIONS 

The following have been accomplished : 

a .  

b.  

C.  

d .  

e. 

f .  

P r e c i s e  shock a t t enua t ion  measurements have been made 

i n  PBAN-170 with a p a r t i c u l a r  geometry. 

The Hugoniot f o r  PUN-170 has  been obtained over the 

range 0 t o  100 kbar .  

Model explosions have been i n i t i a t e d  and c a r e f u l  b l a s t  

measurements made and analyzed. 

The p rope l l an t  remaining a f t e r  t h e  model explos ions  

has  been recovered and e s t ima tes  made of t h e  f r a c t i o n  

of t h e  o r i g i n a l  charge des t royed .  

Flash radiographs were taken dur ing  the  explos ion .  

Certain i n c i d e n t a l  measurements were made; t h e s e  include 

t h e  son ic  v e l o c i t y ,  mechanical p r o p e r t i e s ,  and burning 

rate of PBAN-170. 

The a t t enua t ion  da ta  conform p rec i se ly  t o  t h e  p red ic t ed  behavior:  

v e l o c i t y  attenuates exponent ia l ly .  The Hugoniot shows n e i t h e r  anomalies 

no r  p l a s t i c - e l a s t i c  t r a n s i t i o n .  ' However, low pressure  Hugoniot d a t a  are 

o f t e n  imprecise ,  and t h e  absence of s p e c i a l  f e a t u r e s  i n  our  da t a  should 

not  be considered conclusive.  The b l a s t  measurements i n d i c a t e  r a t h e r  re- 

producibly t h a t  only a very small f r a c t i o n  of t he  p rope l l an t  destroyed 

c o n t r i b u t e s  t o  t h e  b l a s t  wave. L a s t l y ,  unusual f e a t u r e s  of t h e  f l a s h  

radiographs remain t o  be explained.  
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F r o m  the  Hugoniot and the  a t t enua t ion  d a t a  w e  compute t h a t  t he  

p re s su re  38 inches down t h e  propel lan t  s t i c k  (where fragmentation ceases) 

is approximately 10 kbar .  However, the con t r ibu t ion  of t h e  p rope l l an t  

t o  t h e  b l a s t  by no means accounts  f o r  a l l  of t he  p rope l l an t  des t royed;  

i n  fact  only about 5% of t h e  unrecovered p rope l l an t  appears  t o  have so 

con t r ibu ted .  Furthermore, because of t h e  concordance of our  r e s u l t s  with 

those  obtained by J a f f e  e t  ai.' f o r  Luci te ,  it is apparent t h a t  over t h e  

e n t i r e  range wi th in  which p rec i se  measurements were made the shock 

a t t e n u a t e s  without  evidence of chemical suppor t .  Immediately, t h e r e f o r e ,  

w e  can draw t h e  following conclusions: 

( a )  Only a s m a l l  f r a c t i o n  of the  amount of m a t e r i a l  frag- 

mented by t h e  donor shock con t r ibu te s  t o  t h e  b l a s t .  

(b) N o  l a r g e  quant i ty  of t h e  propel lan t  de tona te s .  

S i m i l a r l y ,  w e  can f e e l  f a i r l y  certain about t he  following: 

(a)  For the  ma te r i a l s  and geometry s tudied  t h e  f r a c t i o n  of 

ma te r i a l  fragmented may be determined by t h e  mechanical 

p r o p e r t i e s  of the  binder  a lone,  and not of t h e  o t h e r  COP 

ponents o r  t h e  i n t e r f a c i a l  s t r e n g t h s .  

(b)  The small b l a s t  cont r ibu t ion  from t h e  p rope l l an t  r e s u l t s  

from e i t h e r  an overdriven detonat ion i n  t he  po r t ion  of t h e  

p rope l l an t  nea r  t h e  donor i n t e r f a c e  ( l i k e l y )  or r ap id  

burning of a small f r a c t i o n  of each r e s u l t a n t  fragment ( a l s o  

l i k e l y )  or some combination of t h e  two. 

W e  s t i l l  cannot specula te  on the  r e l a t i o n  of t he  f r a c t i o n  fragmented 

t o  the  mechanical p r o p e r t i e s  except i n so fa r  as w e  have evaluated t h e  shock 

p res su re  below which fragmentation apparent ly  does not  occur .  The 
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experimental ly  determined Hugoniot shows n e i t h e r  anomalies nor  p l a s t i c -  

e l a s t i c  t r a n s i t i o n ,  but t h e  f l a s h  radiographs d o  suggest anomalous 

behavior  . 
Thus our  research has answered some of t h e  ques t ions  posed by the  

mode 1 w e  

(a) 

set out t o  examine, and has ra ised s i g n i f i c a n t  new quest ions  : 

What i s  t h e  explana t ion  f o r  the  anomalous radiographs 

and does it account f o r  o r  bear on p rope l l an t  f r a c t u r e ?  

Is the  p rope l l an t  b l a s t  cont r ibu t ion  a t t r i b u t a b l e  t o  an 

overdriven de tona t ion  or  t o  rapid su r face  burning of t h e  

p rope l l an t  fragments? 
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APPENDIX 

COMPUTER PROGRAM FOR ELASTIC WAVE PROPAGATION 
FINITE CYLINDRICAL BAR 

The material  i n  t h i s  appendix has been taken from 

a Ph.D. Thesis  by L. D .  B e r t h o l f ,  "Longitudinal 

E l a s t i c  Wave Propagation i n  F i n i t e  Cyl indrica l  Bars,  " 

WSU SDL 66-03, Shock Dynamics Laboratory, Washington 

S t a t e  Univers i ty ,  Pullman,Washington, Ju ly ,  1966. 
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FLOW CHART 

c 

Read inpu t  data 
Ca lcu la t e  f r equen t ly  used cons tan ts  

Output formats 
S e t  i n i t i a l  condi t ions  

Card Numbers 

2 ~ ~ ~ ~ 0 0 3  

2DBAR004 - 2DBAR036 

2DBARO37 

2DBAR038 - 2DBARO40 

2DBAR041 

2DBARO42 

2DBARO43 - 2DBAR066 

2DBAR067 
I 

2 ~ ~ ~ ~ 0 6 8  - 2 ~ ~ ~ ~ 0 7 1  

2DBAR072 

2DBAR074 - 2DBAR177 

2DBAR178 - 2DBAR184 

2DBAR185 - 2DBAR198 

2DBARl99 

2DBAR201 
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PROGRAM LISTING (FORTRAN IV) 

_ _  H E P N C C h  
SIEFTC T O C t 3 4 R  

SR1 P 5 7 2  D A T E  C1/19. /67 

2 C B A R C C O  

DIHENSICh U ( 1 2 t 2 C O t 3 )  t k ( 1 2 p 2 C C 9 3 1  9 A (  30 930  I t B (  30 I t 2 C R A R C O l  
I 6 X t 3 C l r  b A ( 3 C 1 3 C ) t  B B ( 3 C )  t N X ( 3 C l  2 D B A R C 0 2  

TbUC = 6.C 2 C B A R C C 4  
TIME '= C o C  2 C B A R C C 4  
KKKKK= C 2 C B A R C 0 4  

6XhUVEtRbL: 2 C B A R G O 6  
1 F C R C A T  ( 6 1 3 t F 9 r 4 t I l r  OF7061 Z C B A R C C 7  

xcu = E / 1 2 .  +(T. t X N U I I  2 D B A R C O 8  
X L A Y B  i E * X N U / 1 (  1. - 7 .  *XNLI*Il. + XhU))  2 C B A R C G 9  
G * X L A F R / ( X L P M E +  2.. X Y U I  2 C B A RG 10 
LJ = L I C I T Z  2 C B A R C l l  
LJJ r, L ILV IT I  -1 2 C B A R C 1 2  
0 7 T  = O T * * 2  2 C B A R G 1 3  
I t *  L I M I T 1  -1 2 C B A R C 1 4  
111 5 L I l ' l I T I  -2  2 C B b R C 1 5  
CC = S Q R T  ( ( X L A P B  + 2 . a  X C L ) / R H C l  2 C B A R C 1 6  
k R I T E  ( 6 9 3 )  2 C B A R C  1 7  

kRITE (6r51 Z C B A R C l 9  
5 F C R P A T  ( / 3 X v 2 1 H T I P E  I N  C I C R C S E C C N O S .  2 C B A R C 2 0  

) r R I T f  ( f i b 1  2 C B A R U 2 1  
b F C R C A T ( / 3 X t 2 3 k ' R  4hO Z I h  C E h T I Y E T E R S .  1 2 C B A R C 2 2  

k R I T E  ( e t 7 1  %NU 2 C B A R C 2 3  
7 F C R Y A T ( / 3 X , 1 8 ~ P C I S S O N - 9  R A T I O  IS9F6 .391H.  1 2 0 8 A R G 2 4  

k R I T E  (ft9) E 2 C B A R C 2 5  
9 f C R C A 7 ( / 3 X , 1 7 ~ Y C U h G S  P C D L L L S  I S t F 6 . 3 r @ H ( P B A R S l . )  2 C  B A R G  2 6 

b R I T E  ( C t 1 1 1  RWO 2 C B A R C 2 7  
11 ~ C R C A T ( / 3 X , 1 ~ ~ ~ O E Y S I T Y  IS, FC.39 8 H ( G M / C C ) .  I 2 D B A R G 2 8  

k R I T E  ( 6 9 1 2 )  2 C B A R G 2 9  
1 2  F C R P A T ( / / / / / / / /  r 3 X ~ 4 H T I ~ E ~ 5 X t l b H t 6 X I l H Z t  9 X 9 4 P L ( R I v  1 2 x 9  2 C B A R C 3 0  

1 4 b U ~ L l r l l X ~ 5 H S I G Z Z ~ l l X ~ ~ H S I ~ R R t l ~ X ~ ~ H S I G P ~ P ~ l l X t 5 ~ S I G R Z / / l  2 C B A R C  3 1 
LC 4 I =  1 , L I M I T I  2 D B A R C 3 2  
DC 4 J= 1,LIEnITZ 2 C  B A  RO 3 3 
OC 4 K =  1,3 2 C B A R C 3 4  
U I I t J t K )  = C. 2 C B A R C 3 5  

4 U(ItJ,K) = 5. Z C B P R C 3 0  
GL 5 C  L L =  l t L I F ( 1 T T  2 C B A R C 3 7  
N1LL-  1 2 C B A R C  38 
F C *  N 2 C B A R C 3 9  

2 C B A R 0 4 0  P P C * E X P ( - T I P E / T A L L )  
k R I T E ( b r 8 )  TIYE,P 2 C 8 A R C  4C 

8 F ~ R P A T ( / / / / L ~ X I ~ P T I C E  = g F 9 0 2 ~ 4 C X 9 4 b P  = 9 € 1 5 o 5 / / / / )  2 C B A R C 4 C  
LC 1 4  J=  2 t L J J  2 C B A R C 4  1 
C C  1 5  I =  i , I I  2 C B A R 0 4 2  
R T  C R * F L C A T ( I - I )  2 C  B ARC 43 
U t 2 2 2  = U ( I t J , 2 1  2 C B A R C 4 4  
k k 2 2 2  = k ( I t J t 2 )  2 C R A R C 4 5  

C T F I S  IS 1PE H E G I N N I N G  CF THE C I F F E K E N T I A L  E S U A T I O h t  2 C B A R C 4 6  
C T k I S  IS T H E  Y E G l N N I h C  C F  TPE C I F F E R E N T I A L  E C U A T I O A S  2 C B A R <  47 

2 C B A R C 4 8  
6 (1. I ( 4 . a  C Z r C R  l l r ( ( X L A F f l  + X P U l / R H O )  2 C B A R C 4 9  

R E A C  4 5 t l I  C ~ ~ L I ~ I T I I L I ~ I T ~ ~ L I ~ I T Z ~ J Z C A L ~ J Z ~ R T ~ P O I I @ C D ~ C T ~ C R ~ O Z ~  2 C B A R C 0 5  

3 F C R Y A T  ( L H 1 9 2 X t  4 4 H C I S P L A C E P E h T S t  U ( R 1  A N C  L ( Z 1  I h  C E N T I M E T E R S . )  2 C B A R C 1 8  

L ( I t J t 3 )  = 2.r L U 2 2 2  - U ( I v J t l )  + C T T + (  

6 ( W ( I + 1 9  J t 1 1 2 )  - M ( 1 - 1 t  J t l t 2 )  - k ( I + l 9  J - 1 9  2 )  + W ( I - 1 9 J - l , 2 1 )  Z C B A R C S C  
6 + ( X C U / R H U ) * ( l .  / C Z * * 2 1 * ( U ( I v J + l  9 2 )  + U ( 1 . J - 1 9 2 )  - 2.+LL222 2 C B A R C 5 1  
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2 C B A R C 5 2  
2 C B A R G 5 3  
2 C B A R C 5 4  
2 C B A R G 5 5  
2 C B A R C 5 6  
2 C B A R C 5 7  
2 C B A R C 5 8  
2 D R A R 0 5 9  
2 C  B A R C  60 
2 C B A R G 6 1  
2 C B A R C 6 2  
2 C B A R 0 6 3  
2 C B A R G 6 4  
2 D B A R 0 6 5  
2 C B A R C 6 6  
2 0 B A R 0 6 7  
2 C B A R C 6 8  
2 C B A R C 6 9  
2 C B A R C 7 C  
2 D B A R G 7 1  
2 C B A R 0 7 2  
2 C  B A  R C  73 
2 C B A R C 7 4  
2 C B A R C 7 5  
2 C B A R G 7 6  
2 C B A R C 7 7  
2 C B A R C 7 8  
2 C B A R C 7 9  
2 C  B A R C  8 C  
2 C B A R C 8  1 
2 C  B A R C 8 2  
2 C l j A R C 8 3  
2 C B A R C 8 4  
2 C  B A R C  85 
2 C B A R C 8 6  
2 C B A R O t 3 7  
2 C B A R O 8 8  
2 C 6 A R C  89 
2 C B A R C 9 G  
7 n R A R 0 9 f  
7 0 0  R0QZ 
7 ' lP A R  n91 
7 9 q A P 0 9 4  
3 q P  h POQC. 
3 Q R  Ap PQh 
7nPA F no7 
Sna AR OQR 
7np APnqa 
7w.4171 nn 
?DSAPI 91 
7nRhR1 q7 
7 n R A R 1 0 2  
7nQAR104 
7 Q S A P 1 0 *  
7nnb.R 106 
7f-0APlc17 

7PnARIOq 
7nnAR1 

7 n ~ n c i  O R  
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7 D R A R I  1 1  
7 W P . R l 1 7  
7 n n A R l 1 7  
7 O P 4 R 1 1 4  
7 n R b R l l G  
7 D P A P 1 1 5  
7 n R A s j  17 
7 n P 4 R 1 1 P  
3T \nAR]  l o  
7 D R h R 1 7 C  
?DSAR12 1 
7 D q f i R 1 2 7  
? n n A R 1 7 1  
7 n R A R 1 7 4  
7 n P A R 1 7 5  
?394!?12h 
7 f W b R 1 7 7  

7r)Ql\R179 
2CBAR130 
ZGBAR 1 3 1  
2CBAR132 
2CBAR133 
20BAR 134 
2CBAR 1 3  5 
2CBAR130 
2CRAR137 
2CBAR138 
ZCBAR 139  
2CBAR140 

2CBAR 142 
2CBAR 143  
2CDAR144 
2CRAR145 
20bAR146 

2CBAR 147 
2CBAR 148 
ZCBAR 149 
2CBAR 15C 
2CBAR151 
2CEAR152 
206AR153 
2CBAR154 
2CBAR155 
2CBAR1 5 6  
2CBAR157 
2GBAR158 
2CBAR159 
2C O A K  160 
ZCBAR i 6 1  
ZCRAR162 
20BAR163 
2CBAR164 
2CRAR165 
ZCBAR 166 
ZDBAR 16 7 

7~ a P 1 28 

2 c  BAR 14 1 
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I F  t J  . E O .  L I p I T L 1  GC T C  567 Z C B A R  168 
U ( L I C I T I v J + 3 1  = U(II t J s 3 1 -  C . U ( I I , J , 3 ) / F L O A T ( I I I  1 2 0 B A R 1 6 9  

G * ( C R I D  Z 1 4 k ( I I * J + 1 , 3 I - W ( I I 8 J 3 1 2 C B A R  170 
7s W ( L l H I T I r J + 3 )  = k(II r J t 3 )  - C R / C Z * ( U ( I I I J + ~ ~ ~ I  - U ( I I , J , 3 1 )  2 C B A R  171 
5 6 1  CCNTIhUE 2 0 B A R 1 7 2  

C BCUNObRk CChOITICNS FOR R A O I A L  S U R F A C E  2 C B A R 1 7 3  

6- 

I F  ( I P C C  .NE. 11 U I L I C I T I p L J ~ 3 )  = U ( I I  9 L J . 3 1  - G * U ( I I * L J . 3 )  2 C B A R 1 7 4  
6 / F L C A l ' (  I 1 1 1  - G * O H / f l Z * ( k ( I I ~ L J ~ 3 l  - h ( I I , L J J , 3 1 )  

C TFIS IS THk E N O  C F  T H E  B O L N D A R Y  C C N C I T I C N S  
C T I - I S  IS THE E NO CF T)r€ O O L K D A R Y  C C N O I T I C R S  

C 

4 )  I h C  = 1 
IBCC . € S o  1 1  INC = 1 

S I G R Z  = XYU + X C U  
SIGPHP = X L A H R * T P E T A  
S I G R K  = S I G H t + E Q R  + S I G P H P  
S I G Z Z  3 S I G R L * E L Z  + S I G P H P  
S I G P h P  = S I G R Z * E P F P H  + SIGPt-P 
S I G R Z  = SIGRLrEHZ 
W R I T k ( 6 r 4 5 1  T I M E ~ R ~ Z ~ U t I ~ K ~ 2 l ~ h ~ I , K I 2 ) r S I G Z Z I S I G R R (  

1 S IGPPP, S I G R Z  
4 5  F C R P A T ( l X , 3 F 7 . 3 p 4 E l t ~ 7 )  

4C CChTIhUE 
4 1  C C N T I h U E  
5C CCNTIhUE 
O C  CCNTIhUE 

R E T L R h  
EhD 

- 

2 0 B A R 1 7 5  
2 C B A R 1 7 6  
2 C B A R  177 
2 D B A R 1 7 8  
2 C B A R  173 
2 C B A R 1 8 0  
2 C B A R 1 8 1  
2 C B A R 1 8 2  
2 C B A R l 8 3  
2 C B A R  184 
2 D B A R 1 8 5  
2 C B A R l B 6  
2 C B A R l . 8 7  
2 C B A R l 8 8  
2 C B A R 1 8 S  
2 C  R A  R 190 
2 C B A R 1 9 1  
2 C B A R 1 9 2  
2 C R A R 1 9 3  
2 C B A R 1 9 4  
2 C R A R 1 9 4  
2 0 B A R 1 9 4  
2 C  B A R  194 
2 C B A R  194 
2 D B A R 1 9 4  
2 C B A R 1 9 4  
20 R A R  195 
2 C B A R l 9 5  

2 C B A R  195 
2 C B P R 1 9 5  
2 C B A R 1 9 5  
2 C B A R 1 9 5  
2 C B A R  195 

2 C B A R 1 9 5  
2 C B A R 1 9 5  
2 C R  A R  196 
2 C B A R 1 9 7  
2 C B A R 1 9 8  
2 C B A K 1 9 9  
2 C B A R 2 C C  
2 C R A R 2 C 2  
2 0 8 A R 2 0 3  
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HERNC Oh S R 1  P 5 7 2  D A T E  C 1 / 1 9 / 6 7  
~ I E F T C  SOLLVE 

CSOLVE L I h E P R  EQUATION S C L V E R  WIT). I T E R A T I V E  I M P R O V E M E N T  V E R S I G N  

C S C L V E S  b X = R  WHERE A IS hXN C A T R I X  AND B IS N X 1  I E C T O R  
C I h t  
C 1 F C R  F IRST E N T R Y  
C 2 F C H  SLRSEQUENT EhTRIES kIlH NEW B 
C 3 TC R E S T C R E  d AND 8 
C E P 9  AfiD I T M A X  ARE P A R A P E T E R S  I N  THE I T E R A T I C N  
C I T *  

C C I F  N O T  C U h V E R G E N l  
C N t M F E R  CF ITERATIOhS IF CCNVERGENT 
C C A L L S  HCP SCRRUUTINES X L O G 2 r D C T r S D O T  AND CAC 
C 
C TC V U C I F Y  D I M E N S I C N S t  C P A N G E  T H E  NEXT 3 ( h O T  2 BUT 31  CARDS. 

S L B R O C T I N E  S O L W E ( N N t A t ~ t I N t E P S t I T M A X I X , I T I  

C -1 I F  a I S  S I N G ~ L A R  

O I M E N S I C N  

H P t 3 C  

E C U I V L L E N C E  (H .OX I 
GC T O  ( I C O C I ~ C O C ~ ~ O C C ) ~ I N  

A ( ' 3 0 ~ 3 3  I r R  ( 3 C  1 rX(3Cr 1 r AA (30 9 3 0 1  PDX ( 3 0  1 r R  ( 3 0  I 9 

t 2(3C)rRC(30)rIRf't30) 

C tu W S T  = O E C L A R E C  c r t w w c h  CF S Y S J E Y  

LOGO Nq." 
h P l = N - l  
NPl=F(+1  

C 
C E C U I L  IBPATION 
C 

CC 5 1 C  I = l , N  
K T O F = I L C G 2 1 6 ( 1 ~ 1 ) 1  
G C  E C 3  J = Z t h  

R P I  1)=2.O**(-KTCP) 
DC 509 J = l t N  

5c 3 K T O F = M A X n 4 K T G P t I L O C 2 ( A ( I t J ) ) )  

5c 9 A(ftJ)=A(I,JI*RC(I) 
5 1 G  C C N T I h U E  

C 
C S A V E  EQL I L I  B R A T E O  DATA 
C 

DC 5 4 @  Iz1.N 
DC 54E J = l r N  

548  A b ( I t J ) = A ( I g J I  
C 
C GLUSSIAh E L I M I N A T I C h  WITH PbRTIPL P I V C T I N G  
C 

DC 09 H = l , & P I  
TCP=ABS ( A f C t P )  1 

CC 12 I=H,N 
I t 'A) l=P 

I F  4 TOP-ABS ( A I I Fc I 1 1 10 t 12912 
10 TOP=ABS I A ( 1 r C I )  

1 2  CCN 1 I NU€ 

1 3  1 T z - l  

I M A X = I  

I F ( l U P ) 1 4 t 1 3 r 1 4  

C *S I h G U L A H  

sLv4ocoo 

I V  S L V 4 0 0 1 9  
S L V 4 O C 2 0  
SL v40c30 
S L V 4 0 0 4 0  
S L V 4 O C 5 0  
S L  V 4 0 O  60 
S L V 4 O C 7 0  
s L v400 80 
S L V 4 O C 9 0  
S L  v 4 0 1 c O  
S L V 4 0 1 1 0  
S L V 4 0 1 2 0  
S L  v40 130 
S L V 4 0  140 
S L  V 4 0  150 
S L V 4 0 1 6 O  
S L V 4 0  170 
S L V 4 0 1 8 C  
S L V 4 0 1 9 0  
S L V 4 0 2 0 0  
S L V 4 0 2 1 0  
S L V 4 0 2 2 0  

S L V 4 0 2 4 0  
S L V 4 0 2 5 0  
S L V 4 0 2 6 0  
S L  v40270 
S L V 4 0 2 8 0  
S L V 4 0 2 9 0  
S L V 4 C 3 0 0  
S L  V 4 G  3 10 
S L V 4 0  320 
S L V 4 0 3  30 
S L V 4 0 3 4 0  
SL v403 50 
S L V 4 0 3 6 0  
S L  v40 3 IC 
S L  v40380 
S L V 4 C 3 9 Q  
S L V 4 0 4 0 0  
S L V 4 0 4 1 0  
S L V 4 0 4 2 0  
s L v40430 
S L  v404 40 
s L v404 50 
S L V 4 0 4 6 0  
s L v4c4 70 
S L V 4 0 4 8 0  
s L v404 90 
S L V 4 0 5 0 0  
S L V 4 0 5  LO 
S L V 4 0 5 2 0  
S L V 4 0  530 
S L V 4 0 5 4 0  
S L V 4 C 5 5 0  

SL v4a 2 30 
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HERNCOK S R I  P 5 7 2  
SOLLUE - EFN SOLRCE STATECENT - D A T E  0 1/ 1 9 / 6 7  

IFN(S) - 

1 P C  C C N T I K U E  
C STORAEE FOR A NCW C C N T I I N S  T R I A h G U L A R  L Ah0 U SC THAT ( L + I ) + U = A  
C 
C OLPLICATE INT€RCHANGES IN D b T I  
C 

cc 229 I = l , h c  
IPTIRP( I I 
IF( I - / P ) Z Z l r 2 2 9 , 2 2 1  

22 1 OC 2 2 2  J=l,h 
T E P P = A P ( I , J )  
A A ( I * J ) = A A ( I P * J )  

22  2 A A ( I P , J ) = T E Y P  
2 2 9  C C N T I h U E  

C 
C PROCESS R I G h T  HAhC S I D E  
C 

2CCC CCNT I h U E  
CC 6 0 1  I = Z t N  

DC 609 I=l,NMl 
6C 1 e (  I1=8( I ) * R P  ( I )  

I P =  I R P (  I )  
TEMF=R(  I )  
e t 1  ) = a (  I P )  
B ( I F ) = T F Y P  

6C9 CCNTIhUE 
C 
C S C L V E  FCR FIRST A P P R O X I P A T I C N  TC X 

C 
C ITEHATIbE  I C P R O V E P E h T  
C 

SLV4056C 
s L v4057c  
SLV4C58C 
SLV40590 
SLV40600 
SLV4CClO 
SLV4C 620  
SL v406  30  
SLV40640 
SL v40 650 
SL V4 0 660 
SLV40 t70  
SL v40  t 8C 
S L V4C 690 
S LV40 7CU 
SLV40710 
SLV40720 
SLV4073Q 
SLV40740 
SL v40750  
SL V40 760 
SLV40770 
SLV40780 
SLV40790 
sLv4ciaGo 
SLV4C8 l a  
SLV40820 
SLV40830 
SLV40840 
SL v43  85C 
SLV40e60 
SL v40870  
SL v40880 

SLV4U900 
SLV40S10 
SLV4CS2G 
SL V40F 3u 
SL ~ 4 0 9 4 0  
SLV4095C 
SLV40960 
SL v 4 c s 7 0  

SLV40990 
SL v4  1000 
SLV41C10 
SLV41C20 
SLV4 1030 
SL v 4  1 c 4 0  
SL v4  1c 50 
sLV41C6G 
s c v 4 1 c 7 0  
SL v 4  1c 8C 
SLV41C9C 
SLV41100 
SLV4 1110 

SL ~ 4 0 8 9 0  

s L V ~ O S  80 

A-8 



HERNCOh S R I  P572 
SOLLVE - E F N  SCLRCE STATEPENT - I F N ( S )  - 

3c  c 

3c 3 

C 

319 
C 

32 9 

3 3 9  
C 

34 2 

369 
370 
39 1 

C 
C 
C 

3CC 0 

7C 1 

7C 2 
7c 9 

72 9 

HESTCIRE A AND E 

CATE C 1 / 1 9 / 6 7  

SLV4 1 1 2 0  
SL v4  1 130  
SLV41140 
SLV4 11 50 
SLV4 1160  
SL v41170  
SLV4 1 l a c  
SLV41190 
SLV4 1 2 c o  
SL v4  1210 
SL v 4  1223  
SLV4 1 2  30 
SLV4 124c  
SLV4 1250 
SLV4 1 2 6 0  
SL v 4  1270 
SLV41280 
SL v 4  1290  
SLV413CQ 
SLV4 1 3  10 
SLV41320 
SLV41330 
SL v4  1340  
SLV41350 
SLV41360 
SL v 4  1 370 
SLV41380 
SLV41390 
SLV414OC 
SL v41410 
SLV41420 
SLV41430 
SLV4 144c  
SL v41450  
SLV4146Q 
SLV4 1470 
SLV41480 
SL v 4  149c  
SLV41500 
s LV4 1 5  10 
SLV41520 
SL v4  1530 
SL ~ 4 1 5 4 0  
SLV41550 
SLV41560 
SLV4157C 
SLV41580 
SLV41590 
SL v41600  
SL v 4  1 6  1c 
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SAMPLE OUTPUl 
OISPLLCEMENlS. U I R I  AN0 UIXI I N  CENTIMETERS. 

i i w E  IN W ~ I C R O ~ ~ C O N ~ S .  

R AN0 2 I h  CENTIIITERS. 

PCISSCN-2 R l T I O  IS C.460. 

YCUNGS COCULU3 IS 0.S24lMB1RSL. 

WhSIlV 16 1.69CIOlllCCl. 

T’IYE R .? U I L I  51611 S l G R R  SIGPHP 

- - - Four Cycler 01 Output ora Omitted - - - 

0.8OC 
0. 8CC 
0.8CC 
0. 80C 
0. 80C 
0.8OC 
O.8CC 
0.800 
0.8CC 
0.8OC 
0. 8CC 
0.8OC 
0.8OC 
0.8CC 
c .  EOC 
0.8OC 
c . 8CC 
0.8OC 
C.8CG 
0. 80C 
0. 8LC 
0.83C 
0.800 
0.800 
0.8CC 
0.8OC 
0 . E C t  
0.8OC 

0.8CC 
0.8OC 
0, BOG 
0. 8CC 
0. BOG 
C.8CC 
0.8OC 
c .e30 
0. ECO 
0. ECO 
0.804 
0. 8CC 
0. 80C 
c .8OC 
0.8OC 
0. 80C 
0. 8GC 
0. EGO 
0. 8C(i 
0.8CC 
0,800 

0 .  ace 

3.254 

C.162 
I . C l 6  
1.27C 

0.50e 

1.524 
I .  17E 
2.C32 
2.28t  
2.54C 
2.194 
C .  
i .254 
C.501 
0.16i  
1.01c 
1.27c 
1.524 
1 . l l E  
2 .03i  
2.206 
2.54C 
2.194 
c .  
C.254 
C.50E 
0.162 
1 . C l t  
1.21c 
1.524 

2.031 
2.2EC 
2.54C 
2.194 

C.254 
C.5OE 
0.162 
1 . O l t  
1.27C 
1.524 
1.17E 
2.C3i 
2.286 
2.54C 
2.194 
C. 
C.254 

1. i7e 

L .  

0. 
0. 
0. 
0. 
C.  
0 .  
C. 
0. 
0 .  

1 I C E  = O . t O  0.21807E-C4 

.~ 
0. 
0 .  
0. 
0.254 
C.254 
0.254 
0.254 
0.254 
0.254 
C.254 
0.254 
0.254 
0.254 
0.254 
0.254 
0.5CE 
C.5C8 
0.5C8 
0.508 
0.508 
C.5CE 
C.5CE 
0.508 
C.5C8 
0.5C8 
0.508 

0.762 
0.762 
0.762 
0.762 
0.762 
0.762 
0.762 
0.762 
0.762 
C.162 
C.762 
0.762 
1.016 
1.016 

o s a 8  

0. 
0.332CE2kE-06 
C. bb41648E-Cb 
0.1319349E-C5 
0.2583550E-C5 
0.5045406E-C5 
0.985?999E-C5 
0.1941C34E-C4 
0.3 8 3  9 5 0  5E -04 
0.7586112E-64 
0.15alC77E-03 
0.2915557E-63 
0. 

-0.2054787E-C7 

-0.1316 165E-06 
-0.2771963E-06 
-0.5518886E-06 
-0.1103066E-C5 
-0.2213121E-CS 
-0.4455227E-C5 
-0.891359lE-05 
-0-139301CE-C4 

0.31 lt974E-C4 
0. 

-0.1254535E-CE 
-0.3200581E-08 
-0.6256226E-C8 
-0~1274741E-C7 
-0.254t679E-07 
-0.5124459E-C7 
-0.1034258E-06 
-0.209300lE-C6 
-0.4082137E-66 
-0.5262501E-C7 

0.235323CE-C5 
0. 

-0.66e3157t-c7 

-0.2a41707~-10 
-0J120238E-10  
-0.1374CZCE-C9 
-0.28C5216E-C9 
-0.5604521E-09 
-0-1128160E-CE 
-0-2277481E-C8 
-0.455t968E-CB 
-0.4970412E-C8 
-0.1101C24E-C8 

0.3620681E-C7 
0. 

-0.1845971E-12 

O.lt60826E-04 
0.0220555E-04 
0.9320662E-04 
0.1148901E-03 
0.1577kC4E-03 
0.2425151E-03 
0.4065528E-03 
0.2092966E-04 
0.2092966E-04 
0.2100745E-04 
0.2112791E-04 
0.2138908E-04 
0.2190389E-04 
0.2293497E-04 
0.2500506E-04 
0.2917509E-04 
0.3760193E-04 
0.5441318E-04 
0. 4C53570E-OS 
0.1303115E-05 
0.1303115E-05 
0.1300911E-05 
0.1317727E-05 
0.1337043E-05 
0.1375097E-05 
0.1451545E-05 
0.16053CIE-05 
0.1915611E-05 
0.2523616E-05 
0.2862895E-05 

0.2565151E-07 
0.2565151E-01 
0.2571566E-07 
0.2597051 E-01 
0.2t39893E-07 
0.2724146E-07 
0.2093636E-07 
0.3234637E-07 
0.3921099E-07 
0.4959829E-07 
0.4389328E-01 
0.4278301E-07 
0.1544618E-09 
0.1544618E-09 

o . ~ e i i 3 7 1 ~ - 0 5  

-0.2193067E-04 
-0.218t65BE-04 
-0.218065EE-04 
-C.2180658E-04 
-0.2180658E-04 
-0.21 80658E-04 
-0.218065EE-01 
-0.2180658E-04 
-0.2180658E-04 
-0.218Cb5EE-04 
-0.21 8065EE-04 
-0.2616414E-03 
-0.86 17 329t-0 5 
-0.8634475E-05 
-0.8680022E-0 5 
-0~875935EE-05 
-0.8924694E-05 
-0.92 52496E-0 5 
-0.9901556E-05 
-0.1122065E-04 
-0.1383191E-04 
-0.1763233E-04 
-0.62ElC59E-05 
-0.2713700E-0+ 
-0.5608490t-06 
-0~5615791E-06 
-0.56C606lE-06 
-0.5698548E-06 
-C .5808791E-06 
-0.6021946E-06 
-0.646741lE-56 
-0.735081EE-06 
-0e9072194E-06 
-0.969341OE-06 
-0.3395509E-06 
-0.20 1389lE-05 
-0.1119531E-07 
-0. I 1  2 1130E-01 
-0.1127684E-07 
-0.1139429E-U7 
-0.1164115E-07 
-0.12131kkE-07 
-0.1311559E-07 
-0.150749OE-07 
-0.174t517E-07 
-0.20 38502E-0 1 
-0.5263597E-00 
-0.3C97223E-07 
-0.67 8 261 1 E - 1  0 
-0.619336t.E-10 

-0.1864112E-04 
-0.1851763E-04 
-0.1847874E-04 
-0.1839949E-04 
-0.1824394E-04 
-0~1193612E-04 
-0.1733264E-04 
-0.1614445E-04 
-0~138C134E-04 
-0-91739686-05 
-0.68212lOE-12 
-0.2571922E-03 
-0.7343209E-05 
-0.7361975E-05 
-0.740k462E-0 5 
-0.748 I C  13E-05 
-0.7639412E-05 
-0J954199E-05 
-0.8583540E-05 
-0.9845610E-05 
-0.1235012E-04 
-0.1567868E-04 
-0.2557954E-12 
-0.2611lC3E-C4 
-0.4715112E-06 
-0.4786868E-06 
-0.481416EE-06 
-0.4863286E-06 
-0.4965301E-06 

-0.5576803E-06 
-0.6397456E-06 
-0.7982036E-06 
-017854517E-06 
-0.2486900E-13 
-0.19869WE-05 
-0.954016lE-08 
-0.9551089E-08 
-0.9616134E-00 
-0.9726004E-08 
-0.9954111E-00 
-0.1040872E-07 
-0.1132127E-07 
-0.1313393E-07 
-0.1495999E-07 
-0.16929COE-C7 
-0.1110223E-15 
-0.3055893E-07 
-0.5780006E-10 
-0.5791425E-10 

-0.516e759~-06 

-C.18t0330E-04 
-0.1851763E-C4 
-0.1849974E-04 
-0.1845306E-04 
-0.1836196E-C4 
-0.1818590E-04 

-0.1719356E-04 
-0.1592427E-04 
-0.1345129E-C4 
-0.86C6778E-05 
-0.236C969E-C 3 
-0.7341847E-05 
-0.7360354E-05 
-0.74C2033E-05 
-0.7474923F-05 
-0.7626064E-C5 
-0.7925553E-C5 

-0.9720507t-0 5 
-0.12C9658E-04 
-0.15417C3E-C4 
-0.3021459E-05 
-0.245C 123E-CC 
-0.4718297E-C6 
-0.4786414E-06 
-0.48 13230E-06 
-C.48tO422E-06 
-C.4959106E-O6 
-G.5155317E-C6 
-0.5548442E-Cb 
-0.6338252E-Cb 
-0.7869769E-06 
-C.8115082E-C6 
-0.1566928E-06 
-0.l82C070E-C5 
-0.9538321E-C8 
-0.9556155E-08 
-0.9614146E-08 
-C.9719680E-C8 
-0.99404lbE-08 
-0.1037911E-C7 
-0.112588OE-07 
-C.1300693E-C7 
-0.1496962E-07 
-0.17216936-07 
-0.2431702E-08 
-0.2799203E-C? 
-0.5770007E-10 
-0.5790755E-10 

- 0 .  i i e 4 7 5 2 ~ - 0 +  

- ~ . 8 5 2 3 3 4 r ~ - o 5  

0:BOO C . 5 0 E  1.016 -0.4722516E-12 0.1552165E-09 -0.6837080E-10 -0.583C897E-10 -C.5829510E-10 
O-BGC C.16; 1.CL6 -0.9218614E-12 0.1566033E-09 -0.6916997E-10 -0.5905506E-10 -0.59C126lE-10 
C - B O C  1 . C l t  1.016 -0.1881395E-11 0.1595237E-09 -0.7085461E-10 -0.6060949E-10 -0.6051811E-10 
0-8OC 1 -27C 1.016 -0.375 1850E-I1 0.1652555E-09 -0.7419540E-10 -0.6310324E-10 -0.6350469E-10 
0.800 1 .524 1.016 -0.75tk685E-11 0.1167920E-09 -0.8090316E-10 -0.6991463E-10 -0.6949581E-10 
0-80C 1.71E 1.016 -0.152lCObE-1C 0.159996lE-09 -0.9265739E-10 -0.8037494E-10 -0.7980185E-10 
0. 8CC 
O b  EOC 
0.000 

0.0co 
0-80C 
0.8CC 
0. 8C0 
0.8OC 
0.8CC 
0. EOC 
C.8OC 
O.8Ct 
0.8CC 
0. 800 
0.. EGG 

o b  80G 

2.C3i 
2.28t 
2.54C 
2.194 

C.762 
1 . C l C  
1.27C 
1.524 

2.C3i 
2.28t 
2.54C 
2.194 

i . w e  

1.016 
1.016 
1.016 
1.016 

0. 1.210 
0.254 1.210 
C.50E 1.210 

1.270 
1.210 
1.270 
1.210 
1.210 
1.210 
1.210 
1.270 
1.210 

-0.2626993E-10 . . . .. . 
-0.88t0888E-11 O.296C958E-09 

0.9252912E-11 O.ZCl2381E-09 
0.1850009E-C9 U.2164910E-09 
0. 
0. 
0. 
C. 
0. 
C. 
0. 

-0. 
-0. 

0. 
0. 

-C.  

C.2409751E-09 

0. 
0. 
0. 
0. 
0. 
0. 
0. 

-0. 
0. 
0. 
-0. 
-0. 

-0.1004293t-09 
-0.1234864E-09 
-0.2488934E-10 
-0.1578136E-09 

0. 
0. 
0. 
0. 
0. 
0. 
0. -. 
0. 

-0. 
-0. 
0. 
0. 

-0.8363751E-10 
-0.lC30667E-09 
-0~1084202E-17 
-0.1557671E-09 

0 .  
0 .  
0. 
0. 
0 .  
0. 

-0. 
-0. 

0. 
0. 

-0. 
0. 

-o .a498234~- io  
-0.1043078E-09 
-0.1136130E-10 
-0.1426513E-09 

0. 
0. 
0. 
0. 
C. 
0. 
0 .  

-0. 
-0. 
0. 
0. 

-C. 

SIGRL 

0. 
0.4105C88E-14 

-0.2838375E-13 
0.178278lE-13 
0. 
0.938 30 5 7 t-  14 

-0.1876611E-13 
c .  
C.1501289E-13 
0. 
0. 

-C.Zl18625E-04 
C. 
0.3167166E-C8 
0.5981521E-08 
0.1275482E-07 
0.2532094E-07 
0.5160925E-07 
0.1014429E-06 
0.2040519E-06 
0.4117864E-06 
0.8226334E-06 

-0. 
-3.2211174E-05 

C.  
9.2281862E-09 
0.3883936E-09 
0.82b4742E-09 
C. 1641616E-08 
C.3293404E-08 
0.6624674E-01 
0.1336975E-C7 
0.264C927F-07 
0.2412114E-C7 

-0.8356786E-15 
-0.1658075t-06 

0 .  

0.1472166E-09 
0.2965653E-09 
0.4847425E-C9 

-0.2389179E-10 
-0.2748943E-17 
-0.2555649E-08 

0. 
0.324698CE-13 

0.9998141E-12 
0.1827727E-11 
0.2644689E-11 

-0.2599399E-11 
-0.2863482E-19 
-0.1304600E-10 
0. 
0 .  
0. 
0. 
0. 
0. 

- 0 .  .. 
0. 
0. 

-0. 
-0. 

0. 

1 
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' .  

b l  b 1 2  1 2 4  b 2 1 b 8  b b l b 0 0 0 0 2 4 1 0  2 0 ' 2 0 0 b b  
I - -- ----\-y-/-- 

M J LIMIT1 LIMIT" LIMITZJZCAL JZWRT PO IBCD DT 

0 ' 2 5 4 b b 0 ~ 2 5 4 b b 0 ~ 4 6 0 0 0 * 0 2 4 b b 1 ~ 6 9 O b  - ---- 
V E P DR DZ 
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NOTES A M )  DEFINITIONS 

Input d a t a  ( ca rds  005-007) 

MM is the  number of time increments t h e  program computes before  
output  is again obtained.  

LIMIT1 is t h e  number of r a d i a l  zones. 

LIMITT is t h e  t o t a l  number of t i m e  increments.  

LIMITZ is t h e  number of a x i a l  zones. 

JZCAL is t h e  approximate number of a x i a l  increments t h a t  a r e  
computed beyond the  f ron t  of t h e  wave. 

JZWRT is t h e  number of  a x i a l  increments t he  program computes 
before  output  i s  again obtained.  

Po is t h e  magnitude of t he  s t e p  i n  pressure  a t  z = 0.  

IBCD e i t h e r  equals  1 o r  2 

IBCD = 1 f o r  a f r e e  end a t  z = L 
IBCD = 2 f o r  a f ixed end a t  z = L 

XNU is t h e  Poisson r a t i o  ( V ) .  

Frequent ly  used cons tan ts  (cards  008-016) 

Chitput formats (cards  017-031) 

These s ta tements  produce the  output shown a t  t he  t o p  of page 10 .  

S e t  i n i t i a l  condi t ions  (cards  032-036) 

Time base (cards 038-039) 

TIME = FM*DT 

Pressu re  condi t ion  (cards  040) 

Any a r b i t r a r y  t i m e  dependence of t h e  appl ied  pressure  (PO) a t  z = 0 
can be in se r t ed  h e r e .  
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Equations of motion (cards  043-066) 

Cards 048-066 a r e  equat ions (40) of  B e r t h o l f ' s  t h e s i s .  

Boundary condi t ions  (cards  074-177) 

JJ is t h e  l a r g e s t  number of a x i a l  increments f o r  which boundary 
condi t ions  are necessary .  

Cards 078-082 a r e  t h e  r = 0 condi t ions f o r  proper behavior .  

Cards 084-088 a r e  t h e  boundary condi t ions  f o r  a f ixed end a t  
z = L.  These a r e  equat ions (88) and (89) of B e r t h o l f ' s  t h e s i s .  

Cards 091-129 a r e  the  boundary condi t ions  for a f r e e  end a t  
z = L.  These a r e  equat ions (86) of B e r t h o l f ' s  t h e s i s .  This  
op t ion  has  not been used i n  the  present  computation. These 
equat ions  a r e  r ewr i t t en  i n  t h e  following system: 

(AA) = (BB) 

where =(I) is def ined as shown i n  cards  122-125. This  l i n e a r  
system is solved by using the  subrout ine SSOLVE.* 

Cards 131-165 a r e  the  boundary condi t ions  f o r  a pressure  a t  
z = 0 .  These a r e  equat ions (80) and (81) of B e r t h o l f ' s  t h e s i s  
which a r e  r ewr i t t en  i n  t h e  system (A) (X) = ( B ) .  The method is 
t h e  same a s  used f o r  a f r e e  end a t  z = L. In  f a c t ,  t h e  same 
subrout ine  was used with a d i f f e r e n t  name--SOLVE. T h i s  is done 
so t h a t  t h e  inverse  f o r  each matr ix  can be ca l cu la t ed  and s to red  
s e p a r a t e l y .  

Cards 166-173 a r e  the  boundary condi t ions  a t  r = R .  These cards  
a r e  equat ions  (44) of B e r t h o l f ' s  t h e s i s .  

R e s e t  i n i t i a l  condi t ions  (cards  178-184) 

Output s t a t  emen t s (card s 18 5- 1 98 

These s ta tements  y i e l d  t h e  values shown on t h e  output  pages 
included immediately a f t e r  the program l i s t i n g .  

* 
SSOLVE is a s u i t a b l e  adapta t ion  of SOLVE. I t  w a s  not used i n  t h e  
computation descr ibed he re .  
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INC (see card 075) i s  t h e  number of r a d i a l  increments t he  program 
computes before  output  is  again obtained.  For INC = 11 , only the  
su r face  va lues  are given i n  t h e  ou tpu t .  
p r in t ed  f o r  a l l  R. 

For INC = 1, values  a r e  

U ( R (  is  r a d i a l  displacement a t  ( r , z , t )  

W(R> is  a x i a l  displacement a t  ( r , z , t )  

SIGZZ = (5 zz 

Dm SIGRR = 

SIGPHP = o 
(PP 

SIGRZ = orz 

ozz, e t c .  a r e  components of the s t r e s s  matrix a t  ( r , z , t ) ,  p o s i t i v e  
i n  t ens ion .  
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